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PATRON’S  ADDRESS 


More  than  twenty  five  years  ago,  a  group  of 
visionary  scientists  in  Wroclaw,  undertook  an 
attempt  to  draw  the  attention  of  people  en¬ 
gaged  in  the  development  of  radio  and  wire 
telecommunication  systems,  and  of  other 
electrical  and  electronic  equipment,  gener¬ 
ating  purposely  or  unintentionally  electro¬ 
magnetic  radiation,  to  the  fact  that  there  ex¬ 
ists  the  necessity  to  ensure  the  operation  of 
those  systems  without  mutual  harmful  inter¬ 
ference,  and  to  protect  the  environment  and 
the  human  against  electromagnetic  fields 
surrounding  us  all. 

The  initiative  proved  timely  and  viable,  and 
the  biennial  Wroclaw  EMC  Symposium  be¬ 
came  one  of  the  important  events  in  the 
electromagnetic  compatibility  considerations 
attracting  EMC  experts  not  only  from  Europe, 
but  also  from  all  over  the  world. 

It  is  almost  impossible  to  imagine  such  a  broad  and  fast  growth  of  the  multitude  of  various 
radio  and  wire  systems  which  have  come  into  service  in  recent  years  without  careful  con¬ 
sideration  of  their  EMC  aspects.  Amongst  these  aspects  there  is  the  more  and  more  diffi¬ 
cult  problem  of  proper  utilization  and  management  of  electromagnetic  spectrum  -  the  in¬ 
valuable  but  limited  resource  being  in  the  possession  of  mankind.  The  progress  which  has 
been  achieved  would  not  have  been  possible  without  considerable  contributions  of  the 
EMC  experts. 

I  would  like  to  express  here  the  utmost  appreciation  and  congratulations  to  all  those  who 
have  worked  out  the  successful  past,  and  the  contemporary  position  of  the  Wroclaw  EMC 
Symposium. 

I  would  also  like  to  extend  my  gratitude  to  the  Organizing  Committee,  Scientific  Program 
Committee,  Symposium  Council  and  to  all  those  whose  continuous  efforts  have  made  the 
current  event  possible.  I  wish  to  stress  the  importance  of  the  interest  and  support  from 
EMC  enthusiasts  throughout  the  world,  from  the  engineering  societies  in  many  countries, 
research  entities,  and  international  bodies. 

I  wish  all  those  participating  in  the  Symposium  the  best  of  success  during  their  delibera¬ 
tions,  a  pleasant  stay  in  Wroclaw,  and  fond  memories  from  Poland. 


Marek  Zdrojewski 

Minister  of  Posts  and  Telecommunications 
of  the  Republic  of  Poland 
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CHAIRMAN'S 

MESSAGE 


Ladies  and  gentlemen,  dear  guests  and  friends, 

This  is  for  the  fourteenth  time  that  such  an  eminent  assembly  of  EMC  experts  meets  together  here  in 
Wroclaw,  to  present  and  exchange  information  on  most  recent  research  achievements  in  this  field. 
Twenty  six  years  have  elapsed  since  the  group  of  45  scientists  and  engineers  met  in  Wroclaw  to 
discuss  17  papers  from  4  countries.  If  you  compare  this  number  with  the  present  volume  of  about 
160  papers  from  30  countries,  you  will  easily  realize  the  growing  awareness  of  EMC  problems. 

The  number  of  EMC  Symposia  held  all  over  the  world  is  constantly  increasing.  Increases  also  the 
number  of  people  involved  in  EMC  problems.  EMC  is  becoming  more  and  more  essential  for  all 
aspects  of  our  life  as  our  electromagnetic  environment  keeps  growing  more  dense,  more  intense,  and 
more  complex.  The  future  of  our  technical  civilization  depends  on  the  possibility  of  solving  the 
various  EMC  problems. 

The  well  reputed  position  of  the  Wroclaw  EMC  Symposium  is  to  a  great  extent  the  merit  of  active 
work  of  numerous  individuals  around  the  world,  and  of  many  scientific  and  professional  organiza¬ 
tions,  and  societies.  They  all  are  listed  on  the  pages  of  the  Symposium  Proceedings.  We  owe  our 
reputation  also  to  the  Scientific  Program  Committee  with  Professor  Frans  Louis  Stumpers,  Member 
of  the  Royal  Netherlands  Academy  of  Arts  and  Sciences,  and  Doctor  Honoris  Causa  of  the  Technical 
University  of  Wroclaw,  who  chaired  it  successfully  for  many  years  and  now  is  the  Honorary 
Chairman,  and  to  Professor  Ryszard  Grzegorz  Struzak  -  the  present  Chairman.  Professor 


R.  G.  Struzak  was  the  Chairman  of  the  Wroclaw  EMC  Symposia  in  the  years  1980  -  1984.  I  would 
like  also  to  bring  out  the  role  of  the  Symposium  Council  with  Professor  Wladyslaw  Majewski  as  the 
Chairman.  The  international  flavour  of  the  Symposium  has  been  gained  with  the  support  offered  by 
the  International  Union  of  Radio  Science  URSI.  The  auspices  granted  by  the  Committee  of 
Electronics  and  Telecommunications  of  the  Polish  Academy  of  Sciences  with  its  Chairman  Professor 
Alfred  Swh,  Member  of  the  Academy,  add  more  to  the  scientific  atmosphere  of  the  event. 

The  Symposium  would  not  be  possible  without  our  authors  who  always  play  the  most  important  role 
in  such  events.  Special  thanks  must  be  directed  to  eminent  specialists  who  have  organized  and  chair 
the  invited  sessions.  Their  contribution  to  the  success  of  the  Symposium  is  appreciated  very  much 

The  Symposium  would  also  not  be  possible,  and  this  volume  would  not  appear,  without  the  eminent 
patronage  of  Mr.  Marek  Zdrojewski,  the  Minister  of  Posts  and  Telecommunications  of  the  Republic 
of  Poland,  and  his  kind  personal  support,  as  well  as  without  the  financial  help  offered  by  National 
Radiocommunication  Agency,  the  Polish  Telecommunication  Co.,  the  Plus  GSM,  and  ERA  GSM. 

The  objective  of  this  Symposium  is  to  bring  together  engineers  and  scientists  who  are  interested  in  a 
better  understanding  of  the  origin,  control,  and  measurements  of  electromagnetic  influences  on 
technical  and  biological  systems.  Our  purpose  in  doing  so  is  to  be-come  better  informed  about  our 
current  work,  to  appraise  the  status  of  the  field,  to  stimulate  future  work,  and,  of  course,  to  become 
better  acquainted  with  each  other. 

It  is  up  to  you  to  decide  to  what  extent  this  event,  and  the  information  presented  in  the  Symposium 
Proceedings  will  contribute  to  those  aims. 

Most  of  the  preparation  work  we  owe,  traditionally,  to  Mr.  Wladyslaw  Moron,  the  Organizing 
Chairman,  and  to  all  the  members  of  the  Organizing  Committee. 

I  am  convinced  that  this  14th  Wroclaw  EMC  Symposium  will  mark  indeed  a  new  significant  step  in 
promoting  the  development  of  EMC  technology.  I  wish  all  the  participants  fruitful  discussions  during 
the  Symposium,  and  a  pleasant  stay  in  the  beautiful  Wroclaw.  Thank  you  for  your  participation. 


Prof.  Daniel  JozefBem 
Symposium  Chairman 
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This  volume  contains  some  160 
papers  from  30  countries  selected 
by  the  Program  Committee  for 
presentation  at  this  Symposium. 

Eight  hundred  pages  of  these  pro¬ 
ceedings  cover  significant  aspects 
of  current  EMC  theory  and  prac¬ 
tice.  They  reflect,  to  some  degree, 
the  current  research  and  work  in 
industry  and  in  major  interna¬ 
tional  organizations  involved. 

EMC  is  understood  here  broadly 
as  an  ability  of  a  device,  equip¬ 
ment,  or  system  to  function  satis¬ 
factorily  in  its  electromagnetic 
environment  without  introducing 
intolerable  disturbances  to  that 
environment. 

Invited  Lectures 

Traditionally,  plenary  lectures  and 
invited  sessions  create  the  nucleus  of  our  Symposium. 
Their  topics  have  carefully  been  selected  to  cover  the 
most  important  issues  of  current  interest  to  the  EMC 
community  and  to  assure  balanced  coverage  of  low-  and 
high  frequency  EMC  topics. 

New  threats  and  dangerous  uses  that  could  be  made  of 
electromagnetic  energy  are  one  of  such  issues  and  Dr. 
R.  Gardner,  V-Chairman  of  URSI-E,  kindly  agreed  to 
talk  about  them.  Another  important  issue  of  wide  inter¬ 
est  is  the  impact  of  the  World  Radiocommunication 
Conference  (WRC)  that  was  held  last  year  to  clear  the 
way  for  truly  global  communication  systems.  Mr.  T. 
Boe,  Member  of  ITU  Radio  Regulation  Board,  will  talk 
about  that  conference  and  Mr.  K.  Rosenbrock,  Director 
General  of  ETSI,  will  discuss  the  ETSI  work  on  stan¬ 
dards  chi  wireless  systems  designed  for  the  global  mar¬ 
ket.  The  quality  of  electric  power  is  another  issue  of 
basic  importance  for  electronic  and  electrical  systems 
and  Mr.  G.  Goldberg,  Immediate  Past-Chairman  of  IEC 
Advisory  Committee  on  EMC,  kindly  agreed  to  address 
this  problem  in  his  plenary  talk. 


URSI  -  Related  Issues 

The  International  Union  of  Ra¬ 
dio  Science  (URSI)  sponsors 
three  invited  sessions  and  a 
workshop.  Prof.  M.  Hayakawa, 
Chairman  of  URSI-E,  will  re¬ 
view  in  his  session  the  progress 
made  in  studies  of  terrestrial 
electromagnetic  environment. 
Prof.  T.  Yoshino  of  Fukui  Uni¬ 
versity  will  review  in  his  session 
the  progress  made  in  studies  of 
electromagnetic  field  associated 
with  earthquakes  and  volcanic 
eruptions.  Prof.  H.  Kikuchi, 
Past-Chairman  of  URSI-E,  de¬ 
voted  his  session  to  EMC  con¬ 
siderations  of  radiating  struc¬ 
tures  similar  to  the  Beverage 
antenna.  Dr.  J.  Finnie  of  UK 
Radiocommunication  Agency,  Dr.  R.  Leese  of  Univer¬ 
sity  of  Oxford  and  Prof.  R.  Struzak,  Co-Chairman  of 
URSI-WGE1,  organized  a  workshop  to  review  new 
mathematical  methods  in  frequency  planning,  aimed  at 
solving  congestion  problems  of  the  radio  frequency 
spectrum. 

ITU  -  Related  Issues 

The  program  includes  also  review  of  relevant  problems 
studied  in  ITU,  a  specialized  Agency  of  United  Nations. 
Dr.  J.  Finnie  of  UK  Radiocommunication  Agency  or¬ 
ganized  a  session  on  major  factors  and  methods  in  radio 
frequency  assignment.  Physical  radio  propagation  mod¬ 
els,  mathematical  methods  and  computing  tools  will  be 
discussed.  Dr.  T.  Cesky  of  European  radiocommunica¬ 
tion  Office  organized  a  session  on  new  trends  in  com¬ 
puter  applications  to  frequency  management.  Dr.  Th. 
Spoelstra,  Secretary  of  CRAF,  will  discuss  in  his  ses¬ 
sion  problems  of  co-existence  of  passive  and  active  ra¬ 
dio  services  after  the  year  2000  when  new  communica¬ 
tion  technologies  and  systems  will  operate.  Mr.  H. 
Kimball,  Immediate  Past-Chairman  of  ITUSG7  on  sci¬ 
entific  services,  organized  a  workshop  on  EMC  aspects 
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Abstract 

In  October  and  November  1997  the  World  Radio 
Conference  1997  took  place  in  Geneva,  Switzerland. 
Such  Conferences  are  required  every  second  year 
and  have  become  increasingly  important  for  all 
users  of  radio;  in  particular  those  who  wish  to 
introduce  new  services  and  systems.  The  economic 
impact  of  the  decisions  taken  at  the  conference  may 
be  severe  and  could  determine  the  future 
development  of  the  services  dependant  on  radio. 

The  International  Telecommunication  Union  (ITU) 
organise  these  conferences  and  we  will  describe 
shortly  that  organisation  and  its  Radio  Conferences. 
Furthermore,  co-operation  between  Regional 
organisations  will  be  described.  Finally  the 
preparations  within  Europe  and  the  outcome  of  the 
recent  conference  will  be  discussed. 

1.  WHAT  IS  THE  ITU? 

The  ITU  with  its  188  Member  States  is  the  oldest 
UN  organisation,  established  in  1865  long  before 
UN  was  bom.  The  purpose  of  the  Union  is  among 
others  to  maintain  and  to  extend  international  co¬ 
operation  and  to  promote  development  of 
telecommunications  facilities  as  it  is  specified  in  the 
Article  1  of  the  ITU  Constitution,  taking  particular 
account  of  the  developing  countries  and  their  needs. 

The  supreme  organ  of  the  ITU  is  the  Plenipotentiary 
Conference  (PP)  that  meets  every  fourth  year  to 
determine  the  general  policy  and  to  establish  the 
basis  of  the  budget  for  the  next  period.  The  PP  elect 
the  elected  officials  and  to  take  all  major  decisions 
with  regard  to  the  work  of  the  Union. 

The  PP  also  fixes  the  number  and  timetable  for  the 
different  conferences  to  be  held  in  the  next  four 


years.  The  ITU  Council  composed  of  43  elected 
Member  Countries  of  the  Union  meets  once  a  year 
act  on  behalf  of  the  membership  betw  een  Plenipots. 
Every  second  year  it  decides,  among  others,  on  the 
bi-annual  budget  of  the  Union,  directed  by  the 
financial  plan  set  up  by  the  PP.  It  also  finally 
approve  Conference  agendas  and  give  the  Secretary 
General  guidance  for  the  work  in  the  next  year.  The 
Headquarter  of  the  ITU  is  located  in  Geneva, 
Switzerland,  and  employs  some  800  persons. 

The  Headquarter  consists  of  Secretary  General,  the 
General  Secretariat  and  three  Bureau's,  the 
Development  Bureau,  the  Standardisation  Bureau 
and  the  Radio  Communications  Bureau  (BR), 
responsible  for  the  work  in  each  of  their  Sectors, 
headed  by  an  elected  Director. 

Without  going  too  much  in  detail  with  regard  to  the 
tasks  of  the  different  sectors,  we  note  that  the 
Radiocommunications  Bureau  is  responsible  for  the 
preparations  to  the  Radio  Conferences  as  well  as  to 
follow  up  most  of  the  tasks  coming  out  of  the 
Conference  Decisions.  Reference  is  made  to  the 
ITU  Convention  ART.  12,  which  gives  frame  of 
responsibility  of  the  BR. 

The  ITU  Convention  also  identify  the  Radio 
Regulations  Board  (RRB),  a  Board  consisting  of 
nine  Members  elected  from  the  five  Administrative 
Regions  of  the  ITU.  The  Board  shall  be  independent 
of  the  Administrations  and  the  ITU  in  its  work,  and 
has  as  a  main  task  to  prepare  the  Rules  of  Procedure 
to  the  Radio  Regulations  and  to  assist  at  the  Radio 
Assembly  and  the  WRC. 

It  may,  if  required,  also  serve  in  giving  independent 
advice  to  the  Director  BR  and  the  Administrations. 
The  Board  meets  up  to  four  times  a  year  in  Geneva, 
Switzerland,  to  perform  its  duties. 
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2.  WHAT  IS  A  WORLD  RADIO 
CONFERENCE  (WRC)  AND  WHAT  IS  ITS 
PURPOSE? 

It  became  clear  very  early  that  some  strict  rules  and 
procedures  were  necessary  to  avoid  interference 
between  services  and  radio  stations,  to  assure 
interoperability  of  equipment  and  services  and  to 
ensure  efficient  use  of  the  radio  frequency  spectrum. 

The  regulations  that  were  first  established  in  1903 
were  named  the  Radio  Regulations.  The  rapid 
development  in  radiocommunications  made  it 
necessary  to  regularly  update  and  to  modify  the 
Radio  Regulations  in  order  to  meet  the  needs  of 
Administrations,  operators  and  their  services.  With 
regular  intervals  so  called  "service  conferences" 
(since  the  conference  considered  items  mainly 
related  to  one  service)  were  held  in  order  to  amend 
and  update  the  regulations  relevant  to  that  particular 
service.  Only  with  some  20  years  intervals  a  general 
radio  conference  were  held  to  undertake  a  more 
general  revision  of  the  ITU  Radio  Regulations  to 
solve  inter-service  problems. 

As  the  rate  of  development  of  radio  communications 
services  has  increased  considerably  over  the  last 
years,  the  need  arose  to  carry  out  more  frequent 
revisions.  Since  1993  therefore,  the  World 
Radiocommunication  Conferences  have  taken  place 
every  second  year.  The  agenda  for  a  conference  is 
provisionally  established  four  years  in  advance,  to 
allow  a  timely  preparation.  Two  years  before  the 
conference  the  final  agenda  is  agreed  and  the 
preparations  are  then  concluded  within  the  ITU  and 
in  the  Administrations. 


3.  REGIONAL  ORGANISATIONS 

Over  many  years,  administrations  used  to  prepare 
themselves  according  to  their  national  needs  and 
requirements.  As  a  result  those  administrations  of 
the  larger  industrialised  countries,  did  a  lot  of 
preparations,  whereas  the  smaller  administrations 
with  limited  resources  and  less  industry  interest  and 
requirements  very  often  did  very  little  or  nothing.  It 
is  easily  understood  that  this  is  not  a  very 
satisfactorily  situation,  and  in  the  last  decade  the 
regional  co-operation  has  developed  into  a  more 
firmly  established  co-operation. 

Today  there  are  a  number  of  regional  organisations 
where  administrations  co-operation  in  their  daily 
work  and  in  particular  in  preparations  for  WRC's.  In 
Europe  the  CEPT  is  the  organisation  consisting  of 
43  European  countries,  extending  as  we  use  to  say 
"from  the  Azores  to  the  Vladivostok"!  In  the 
Americas  such  a  regional  organisation  is  called 
CITEL,  and  the  APT  (Asian  Pacific 
Telecommunications)  co-ordinate  co-operation 


between  Asian  countries  and  the  Arab  Group  and 
African  organisations.  What  they  have  in  common  is 
that  their  members  are  also  members  of  the  ITU,  and 
preparation  to  the  WRC's  is  one  of  the  major  issues 
on  their  agendas. 


4.  CONFERENCE  PREPARATIONS 

The  Radiocommunications  Bureau  in  the  ITU 
Headquarter  support  the  preparations  for 
conferences  in  the  Study  Groups.  A  special  group, 
the  Conference  Preparatory  Meeting  (CPM),  is 
established  to  consolidate  the  work  done  in  this 
groups  and  to  prepare  a  Technical  Report  to  the 
WRC.  This  Report  forms  the  technical  basis  for  the 
work  of  the  Conference. 

The  content  of  this  Report  consists  of  existing 
material  in  already  prepared  by  the  Study  Groups, 
material  developed  by  the  Study  Groups  upon 
special  request  by  the  previous  WRC  and  material 
submitted  by  Administrations  and  which  is  being 
agreed  by  the  final  CPM  Meeting. 

Within  the  CEPT  co-operation  has  not  always  been 
as  good  as  it  should  have  been.  At  conferences  in  the 
past  CEPT  delegations  often  had  divergent  views, 
making  it  very  difficult  to  achieve  goals  good  for 
Europe  and  for  the  Region.  In  the  eighties  the  co¬ 
operation  slowly  improved,  recognising  that  there 
was  no  way  Europe  could  achieve  its  goals  unless  a 
better  co-ordination  took  place. 

During  the  Radio  Conference  in  1992  the  CEPT 
demonstrated  its  power  by  Common  European 
Proposals  (ECP's)  and  common  CEPT  Briefs  for  the 
work  at  the  conference.  This  working  method  has 
since  been  refined  and  improved.  In  the  CEPT  the 
Radio  Communication  Committee  has  established 
the  permanent  Conference  Preparatory  Group 
(CPG),  responsible  for  the  co-ordination  of  the 
preparations  for  the  forthcoming  conference  and  to 
develop  the  European  Common  Proposals  (ECP's) 
and  the  CEPT  Brief. 

The  successful  co-operation  between  CEPT 
Administrations  has  had  the  effect  that  most  of  the 
other  Regional  Organisations  and  Groups  try  to  copy 
the  "CEPT  approach".  Common  proposals  and 
common  Briefs  are  being  developed,  and  the 
Regional  organisations  and  Groups  become  more 
unified  and  stronger  counterparts.  A  fortunate  thing 
is  that  in  many  cases  the  European  draft  proposals 
have  become  the  basis  on  which  many  have 
developed  their  own  proposals. 

In  the  past,  when  "service  conferences"  were  held 
with  somewhat  longer  intervals,  the  available  time 
for  preparations  for  the  conference  was  much  longer 
and  we  had  more  time  for  better  preparations  of 
ourselves.  Today,  we  have  less  than  two  years  for 
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preparations.  The  conference  now  lasts  only  four 
weeks  (in  the  past  they  lasted  between  four  and  eight 
weeks).  The  consequence  of  this  is  that  "the 
conference  has  to  go  on  between  the  conferences", 
i.e.,  there  has  to  be  a  lot  more  co-ordination  and  co¬ 
operation  between  countries  and  regions  than  before 
to  manage  the  extensive  agendas  at  the  conferences. 

For  many  years  there  have  been  developed  ever 
more  intensive  "contacts"  between  CEPT  and  other 
parties  in  order  to  carry  out  some  "exchange"  of 
views  before  the  conferences.  In  the  preparations  for 
the  1 992  and  later  conferences  there  have  been  more 
systematic  contact  meetings  and  exchanges  of  draft 
proposals  at  an  early  stage  before  the  Conference. 
This  tendency  is  increasing. 

With  such  an  approach  many  problems  may  at  least 
be  identified  and  perhaps  some  also  resolved  before 
the  conference  takes  place  in  1999.  It  is  of  outmost 
importance  that  conference  preparatory  methods  are 
continuously  improved  to  establish  the  necessary 
confidence  between  parties  and  to  identify  and 
hopefully  align  positions  within  as  many  of  the 
problem  areas  as  possible  before  the  conference 
begin.  Common  preparations  are  not  a  threat  to  the 
sovereign  rights  of  administrations.  They  should 
rather  be  viewed  as  common  efforts  in  common 
interest. 


5.  THE  CONFERENCE  AGENDA 

The  1 997  Conference  Agenda  covered  a  wide  range 
of  items,  and  it  would  take  too  long  to  go  through 
every  item  in  detail  at  this  occasion.  Therefore  the 
most  significant  items  have  been  extracted  from  the 
agenda  and  will  be  discussed  more  in  detail  in  the 
following. 

5.1.  Non-geostationary  Fixed  Satellite  Systems 
(NGSO  FSS) 

By  far  the  most  prominent  question  at  the 
Conference  was  to  consolidate  the  proposals  for 
allocations  and  regulatory  framework  that  would 
enable  multi-billion  dollar  NGSO  FSS  systems  to 
develop  over  the  next  few  years.  These  proposals 
covered  some  different  bands  and  different 
regulatory  approaches  but  will  lead  to  systems  that 
will  offer  competitive  global  broadband 
communication  capacity.  They  include  projects  as 
“Teledesic”,  “Celestri”  and  “Skybridge”  but, 
importantly,  the  Conference  needed  to  address  the 
problems  in  a  non-project  specific  way  so  as  to 
enable  other  systems  that  might  emerge  in  the  future 
to  also  be  able  to  develop  in  a  proper  way. 

In  the  end  result  the  Conference  was  able  to  agree  on 
a  reasonable  “package  approach"  that: 


a)  Established  the  provisional  application  of 
power  flux  density  (pfd)  limits  for  LEO 
systems  to  protect  GSO  and  fixed  services 
in  certain  bands  (particularly  in  11  -  14 
GHz  bands).  This  approach  was  proposed 
as  a  means  of  overcoming  the  need  for 
detailed  and  complex  co-ordination 
procedures  and  was  postulated  as  an 
approach  to  apply  more  broadly  in  the 
future.  Access  for  LEO  systems  to  the 
Broadcasting  Satellite  System  (BSS)  (bands 
where  BSS  Plans  do  exists)  for  Planned 
Bands  was  also  agreed  through  the 
application  of  provisional  pfd  limits.  This 
is  clearly  a  break  through  in  making 
possible  greater  use  of  these  bands; 

b)  Provided  for  an  allocation  of  a  total  of  2  x 
500  MHz  of  spectrum  in  the  20  GHz  band 
on  the  basis  of  normal  co-ordination 
arrangements  (no  application  of  power-flux 
density  limits).  A  waiver  of  the  normal 
priority  given  to  GSO  systems  in  this  band 
was  included,  ie  application  of  Resolution 
46  and  non-application  of  article  S.22.2. 
(RR2613). 


5.2.  The  Mobile  Satellite  Service 
There  were  many  proposals  before  the  Conference 
for  new  allocations  and  for  changes  to  existing 
allocations  for  mobile  satellite  services.  One 
proposal  for  re-alignment  of  allocations  at  2  GHz 
between  Region  2  and  Regions  1  and  3  was  not 
agreed.  As  a  result  the  original  allocations  made  at 
WARC-92  will  remain.  The  conference  also 
confirmed  the  allocations  made  at  WARC-92  for  the 
world-wide  satellite  component  for  IMT  2000  at 
1980-2010  MHz  (uplink)  and  2170-2200  MHz 
(downlink). 

As  a  further  recognition  of  the  continually 
expanding  needs  for  MSS,  the  Conference  agreed  to 
extend  some  allocations  at  1.5/1. 6  GHz  from 
specific  maritime  and  aeronautical  satellite  service 
bands  to  generic  MSS  bands.  Moreover,  priority 
shall  be  given  to  the  requirements  of  the  Gobal 
Maritime  Distress  and  Safety  System  (GMDSS). 
Safety  communications  shall  have  priority  over  all 
other  mobile  satellite  communications  within  a 
network  in  the  specific  bands  involved.  Similarly  in 
specified  bands  at  1.5/1 .6  GHz  priority  shall  also  be 
given  to  requirements  of  the  Aeronautical  Mobile 
Satellite  (R)  Service  needs  and  protection  to 
AGMs(R)  Safety  communications. 

A  proposal  for  MSS  to  be  able  to  operate  in  the  band 
1559-1610  MHz  (currently  used  by  GPS  and 
GLONASS)  was  not  accepted  but  studies  will  be 
undertaken  to  enable  this  to  be  reconsidered  at  the 
Conference  in  1999,  the  WRC-99. 
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An  on-going  issue  for  discussion  is  the  spectrum 
requirements  for  MSS  below  1  GHz  (often  called 
Little  LEO  Systems).  The  Conference  made  a  very 
limited  additional  allocation  in  some  bands  between 
454  and  460  MHz  but  invited  further  studies  to 
enable  reconsideration  of  this  issue  at  the  WRC-99. 

I  am  sure  that  MSS  spectrum  requirements  will 
continue  to  be  a  major  issue  in  future  Conferences. 


5.3.  Changes  to  HF  Broadcasting 
The  problem  of  accommodating  global  HF 
broadcasting  requirements  has  been  considered  by  a 
number  of  Conferences  in  the  last  50  years  with  little 
success.  WRC-97  was  able  to  reach  a  conclusion  to 
this  vexed  problem  through  agreement  on  a  system 
of  direct  co-ordination  between  administrations 
through  inter-regional  meetings  and  a  voluntary  co¬ 
ordination  process  with  participation  of 
broadcasters. 

The  Radio  Regulations  Board  will  develop  the 
necessary  Rules  of  Procedure  within  principles  and 
criteria  agreed  by  the  Conference. 


5.4.  Broadcasting  Satellite  Service  Plans 

A  significant  proportion  of  conference  time  was 
devoted  to  this  issue.  The  Conference  adopted  a 
new  plan  for  the  Broadcasting  Satellite  Service  in 
Regions  1  and  3.  This  replaces  the  plan  previously 
agreed  in  1 977  and  accommodates  the  needs  of  new 
countries  and  new  methods  of  service  delivery.  The 
Conference  also  agreed  to  initiate  further  study  to 
provide  for  all  countries  around  10  analogue 
channels  based  on  national  coverage.  This  would 
need  to  be  considered  at  a  future  conference  before 
2001  whether  re-planning  on  that  basis  is 
reasonable. 


5.5.  High  Altitude  Platforms 

High  Altitude  Platforms  are  stations  used  in  the 
fixed  service,  such  as  those  being  planned  by 
“Skystation”  which  operate  at  an  altitude  of  20-50 
kilometres  and  which  will  deliver  broadband 
services  to  urban  and  suburban  areas.  The 
Conference  identified  spectrum  above  40  GHz  for 
such  stations  along  with  other  provisions  in  the 
Radio  Regulations  to  facilitate  the  introduction  of 
these  services. 


5.6.  Maritime  and  Aeronautical  Distress  and 
Safety 

The  Conference  revised  the  relevant  parts  of  the 
Radio  Regulations  in  preparation  for  the  full 
implementation  of  Global  Maritime  Distress  and 
Safety  Systems  (GMDSS),  which  will  come  into 
effect  on  1  February  1999.  This  includes  special 


procedures:  communication  between  GMDSS- 
equipped  ships  and  those  which  do  not  yet  have  the 
new  system;  the  use  of  ship  information  by  search 
and  rescue  operations;  calling  procedures;  licensing, 
and  the  conditions  which  need  to  be  met  in  order  to 
issue  ship  radio  operator  certificates. 


5.7.  Space  Science  Services 

Space  science  services  include  active  and  passive 

sensing  systems  using  satellites  operating  in  both 

geostationary  and  low  earth  orbits.  They  are  used 

primarily  for  remote  sensing  of  Earth  resources, 

weather  forecasting,  climate  change,  and  space 

research. 

Spectrum  allocation  requirements  comprised: 

•  raising  the  status  of  the  science  services 
in  many  existing  bands  to  protect  them 
from  interference  existing  and  future 
satellite  systems; 

•  new  allocations  in  bands  where 
observations  can  be  made  of  specific 
physical  phenomena,  which  allow 
measurements  of  atmospheric 
contaminants,  land  and  sea  surface 
measurements  from  space  etc;  and 

•  Harmonising  allocations  on  a  world¬ 
wide  basis. 

The  WRC  met  nearly  all  of  these  requirements 
with  changes  and  additions  to  14  bands  between 
400  MHz  and  94  GHz.  Some  issues  were 
deferred  pending  further  studies  and  will  be 
considered  at  WRC-99. 

The  conference  also  approved  Resolutions  on  the 
use  of  wind  profiler  radars  and  levels  of  spurious 
emissions. 


5.8.  Simplification  of  the  Radio  Regulations 
Following  the  major  changes  of  the  Radio 
Regulations  undertaken  at  WRC  95,  WRC  97 
had  the  task  of  reviewing  the  new  arrangements 
for  consistency,  and  determining  the  coming  into 
effect  of  the  new  regulations. 

The  Conference  agreed  on  1  January  1999  as  the 
date  of  provisional  application  of  changes  to  the 
Radio  Regulations  made  at  WRC-95,  pending 
final  ratification  by  Member  States. 

Another  aspect  of  “simplification”  was  the 
review  of  the  Recommendations  and 
Resolutions,  which  resulted  in  suppression  of  65 
Resolutions  and  40  Recommendations.  However, 
16  Resolutions  were  revised  and  56  new 
Recolutions  were  adopted  by  WRC-97. 
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5.9.  Satellite  Co-ordination 

The  Conference  considered  the  results  of  studies 
and  reports  prepared  by  various  groups  in  reply 
to  a  resolution  of  the  1994  Plenipotentiary 
Conference  (Resolution  18).  This  Resolution 
addresses  the  growing  problem  of  "paper 
satellites",  that  is,  satellite  systems  which  have 
been  notified  to  the  ITU,  but  in  reality  may  never 
be  launched. 

The  Conference  adopted  also  called 
"administrative  due  dilligence"  concept  that 
requires  regular  disclosure  of  data  on  the 
implementation  of  satellite  systems.  These  data 
may  be  such  as  spacecraft  manufacturer,  the 
name  of  the  satellite  operator,  the  contractual 
date  of  delivery  and  the  number  of  satellites 
procured,  the  name  of  the  launched  vehicle 
provider,  the  name  of  the  customer  and  the 
contractual  launch  date. 

Some  Administrations  felt  that  this  development 
did  not  go  far  enough.  It  was  observed  that  whilst 
the  procedure  adopted  will  place  some  greater 
discipline  in  the  overall  process,  the  new 
procedure  will  not  have  any  noticeable  effect  for 
at  least  the  6  next  years.  This  is  due  to  the  fact 
that  the  networks  for  which  AP4  information  was 
submitted  prior  to  the  WRC-97  have  until  21 
November  2003  to  submit  due  dilligence 
documentation.  Some  Administrations  at  the 
Conference  felt  that  more  effective  steps  were 
needed  including  consideration  of  financial  due 
dilligence  measures,  but  the  Conference  did  not 
accept  to  introduce  such  principles.  It  is  probable 
that  this  issue  will  be  raised  again  at  the  1998 
Plenipotentiary  where  a  report  on  the  results  of 
the  work  of  Resolution  1 8  will  be  considered. 


5.10.  WRC-99  Agenda 

The  Conference  worked  on  a  problem  that  is 
likely  to  worsen  as  time  goes  on.  A  long  list  of 
issues  was  proposed  to  be  placed  on  the  Agenda 
of  the  next  two  Conferences.  In  the  result,  a 
resolution  of  WRC-97  identified  a  list  of  items 
that  it  considered  should  be  handled  at  WRC-99 
but  it  also  noted  a  supplementary  list  of  items 
that  could  only  be  considered  if  there  additional 
resources  were  provided  for  complementary 
studies.  The  extensive  list  includes  some 
substantial  issues  such  as  requirements  for  IMT- 
2000,  further  MSS  allocations,  the  results  of 
technical  sharing  studies  for  NGSOFSS,  little 
Leo's  below  1  GHz,  matters  relating  to 
radionavigation  satellite  services,  broadcasting 
satellite  service  planning,  space  science  services 
and  many  more.  It  will  thus  be  a  matter  for  the 
next  ITU  Council  meeting  to  consider  in  terms  of 
the  overall  ITU  Budget. 


6.  HOW  TO  TAKE  THE  RESULTS 
FURTHER  IN  EUROPE 

In  the  regular  day  to  day  work  in  the  CEPT 
administrations  as  well  as  in  the  preparations  to  the 
conferences  it  has  always  been  very  difficult  to 
identify  the  real  user  requirements,  those  of 
organisations  and  the  manufacturers.  It  is  necessary 
that  European  Industry  jointly  define  to  a  much 
larger  extent  their  common  interests  and 
requirements  which  the  CEPT  would  gladly  use  in 
the  preparations  for  and  negations  at  future  WRC's. 
However,  this  situation  has  improved  considerably 
over  the  last  ten  years  in  particular  due  to  the  ever- 
increasing  transparency  in  the  CEPT.  The  active 
participation  of  operators  and  organisations  has 
considerably  improved  and  to  a  certain  extend  also 
the  industry  participates,  but  not  very 
enthusiastically.  It  has  been  and  still  is  rather 
difficult  to  guess  what  are  the  requirements  for  the 
European  Industry  as  a  whole;  one  can  certainly  not 
fight  for  one  or  two  individual  or  national  interests 
in  the  CEPT  environment. 

The  CEPT  CPG  in  preparation  to  WRC-97  only  took 
a  particular  initiative  towards  the  Industry  with 
limited  response. 

In  order  to  cover  all  items  at  the  very  extensive 
agenda  of  this  conference,  the  CEPT  prepared  some 
287  individual  proposals  covering  18  major  topics 
including  proposals  for  16  new  Resolutions  and  2 
new  Recommendations.  These  were  all  circulated  to 
the  43  CEPT  member  Administrations  for  their 
Governments  support  and  approval. 

The  major  objective  of  the  ECP's  to  WRC-97  was  to 
promote  and  ensure  the  harmonious  development  of 
radio  services  in  a  competitive  environment  and  at 
the  same  time  to  defend  and  promote  European 
interests. 

In  particular,  Europe  placed  great  importance  on  the 
proposals  which  dealt  with  the  improved  regulatory 
procedures  and  frequency  allocations  needed  for 
new  fixed  and  mobile  satellite  services,  and,  more 
specifically,  non-GSO  systems,  and  the  satellite 
feeder  links.  Further  efforts  concentrated  on  the 
protection  of  the  terrestrial  and  satellite  services 
sharing  the  same  frequency  bands  to  ensure  efficient 
spectrum  ever  growing  necessary  for  the  escalating 
demand  for  personal  communications.  In  developing 
its  proposals,  Europe  took  particular  care  to  protect 
the  extensive  European  terrestrial  services  when 
evaluating  additional  frequency  allocations  for  the 
mobile-satellite  service  (MSS)  and  any  changes  in 
the  radio  regulatory  provisions  for  the  fixed-satellite 
service  (FSS). 
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7.  THE  RESULTS  FOR  THE  CEPT 

All  European  Common  Proposals  (ECPs)  submitted 
to  WRC  97  were  co-signed  by  most  or  all  43  CEPT 
countries  and  the  European  objectives  were  met  on 
all  the  main  issues:  NGSO  FSS;  BSS  plan;  space 
science  services;  maritime;  HFBC;  (high  altitude 
platforms  (Sky  Station);  mobile-satellite;  and  WRC- 
99  agenda. 

A  very  satisfactory  outcome  was  achieved  with 
virtually  all-European  objectives  met  on  the  main 
issues.  The  Conference  proceeded  in  a  good  spirit  of 
compromise  and  it  must  be  seen  as  one  of  the  most 
successful  Conferences  ever.  There  was  no  divisive 
voting  on  any  major  issue.  This  may  have  been  due 
to  the  fact,  that  Europe  had  up  to  43  votes  (each 
member  state  -  one  vote!).  This  might  have  been  an 
encouragement  for  others  to  reach  a  compromise 
that  was  satisfactory  to  Europe. 

The  regional  groupings,  particularly  CEPT,  APT  and 
the  Arab  group  (and  to  a  lesser  extent  CITEL  and 
African  groups)  were  very  active  in  promoting  their 
proposals  and  proposals  to  the  Conference,  and  this 
greatly  helped  in  consolidating  views.  The  bilateral 
meetings  between  regional  organisations  from  other 
regions  earlier  in  the  year  proved  beneficial, 
particularly  the  collaboration  with  the  Asia  Pacific 
countries  amongst  which  Japan  played  an  important 
role.  Recognising  the  importance  of  regional  co¬ 
ordination,  WRC  97  adopted  a  Resolution  requesting 
the  assistance  of  the  Radiocommunication  Bureau 
and  the  Telecommunications  Development  Bureau 
in  further  developing  regional  co-ordination  and 
inter-regional  meetings,  and  invited  the  1998 
Plenipotentiary  Conference  to  provide  for  the 
necessary  resources. 

Mr  Roger  Smith  (Australia)  chaired  the  Conference 
very  effectively.  South  Africa  and  Lebanon  played 
significant  mediating  roles  together  with  many  other 
active  participants. 


8.  THE  FURTURE  OF  THE  RADIO 
CONFERENCES 

The  resource  requirement  for  the  ITU  Secretariat 
post  WRC-97  conference  work  is  presently 
estimated  to  9,5  million  Swiss  francs,  which  is  in  a 
strong  contrast  to  the  1  million  Swiss  franc  provided 
to  the  ITU  Secretariat  to  cany  out  the  post  WRC 
1995  conference  work. 

In  1995  approximately  1000  delegates  attended  the 
conference  whereas  in  1997  more  than  2000 
delegates  were  registered.  The  cost  of  the  1995 
conference  was  3  million  Swiss  francs;  the  cost  of 
the  1997  conference  went  up  to  9  million  Swiss 
francs.  And  to  complete  the  picture  of  the  workload 
in  the  Secretariat  7  million  pages  were  processed  in 


1 995  whereas  in  WRC  -97  required  over  25  million 
pages  to  be  reproduced. 

The  1995  conference  was  considered  to  be  a  large 
conference  compared  with  what  was  normally  the 
case  for  the  service  Radio  Conferences  in  the  past. 

These  figures  are  quite  alarming  and  raise  many 
questions;  in  particular  as  they  cover  only  resources 
spent  in  the  ITU  Secretariat.  Resources  spent  by  the 
Member  States  are  certainly  even  higher.  If  the 
conferences  continue  to  grow  at  the  same  rate,  they 
will  simply  not  be  manageable  in  the  future.  They 
may  soon  be  more  expensive  than  the  Union  can 
afford.  We  therefore  have  to  be  extremely 
pragmatic  with  regard  to  what  shall  be  included  in 
the  agenda  of  the  next  conferences.  An  open 
question  is  also  whether  one  should  return  to  the 
service  type  conferences,  which  necessarily  have  a 
more  limited  agenda  instead  holding  of  conferences, 
that  includes  almost  any  issue. 

Notwithstanding  the  success  of  WRC-97  there  are 
some  clear  signs  that  there  will  be  increasing 
difficulty  in  the  future.  As  mentioned  earlier  in  this 
presentation  it  is  not  possible  to  handle  more  issues 
or  to  do  more  work  than  was  attempted  at  WRC-97. 
Apart  from  the  budget  and  overall  resources 
available  from  the  ITU,  the  delegates  themselves 
could  not  be  expected  to  handle  any  more  work.  The 
extent  and  complexity  of  technical  preparation  for  a 
Conference  is  a  problem  in  particular  when  it  is 
considered  in  parallel  with  the  on-going  work  being 
undertaken  in  the  ITU-R  Study  Groups.  There  is 
also  a  heavy  burden  on  individual  administrations 
and  on  Regional  Groups  in  establishing  positions 
and  proposals  sufficient  time  in  advance  to 
efficiently  and  timely  inject  into  the  Conference 
preparations. 

No  doubt  the  Member  States  of  the  ITU  will  need  to 
consider  options  to  improve  these  overall  processes. 
When  entering  into  a  sequence  of  a  conference  every 
second  year  it  was  assumed  that  the  conference, 
lasting  for  only  four  weeks,  would  have  an  agenda 
sufficient  restricted  to  be  treated  during  these  four 
weeks.  Since  there  would  be  an  other  conference  in 
only  two  years  time,  urgent  issues  could  be  left  to 
the  next  conference. 

However,  the  real  world  unfortunately  is  different. 
The  agenda  to  every  conference  is  already 
completely  overloaded  with  urgent  issues;  some  of 
which  stem  from  the  previous  WRC's,  where  they 
could  not  be  resolved. 

There  is  no  other  alternative  to  a  statutory 
Conference  process  to  achieve  the  necessary  treaty 
status  outcomes.  Some  have  suggested  an  extension 
of  time  between  Conferences.  Whilst  this  would 
give  greater  preparation  time  it  is  doubtful  whether  it 
would  help  in  dealing  with  the  increasing  volume  of 
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issues  to  be  addressed.  Moreover,  it  would  not  be  a 
credible  reaction  to  the  rapid  developments  in 
technology  and  the  rapid  adapted  Radio  Regulations. 

Others  will  certainly  have  other  ideas,  but  my  own 
views  are  as  follows: 

a)  More  discipline  needs  to  prevail  in  establishing 
agendas  and  in  setting  priorities  within  future 
agendas; 

b)  sensible  assessment  of  the  time  and  effort 
required  in  the  administrations  and  the  ITU 
Secretariat  to  complete  studies  necessary  for  the 
consideration  of  issues  at  a  Conference; 

c)  greater  co-operation  and  liaison  between 
Regional  Organisations  and  country  groupings  in 
comparing  their  proposals  and  attempting  to 
identify  possible  consolidated  positions  prior  to  a 
Conference; 

d)  greater  use  of  informal  consultation  means  and 
mechanisms  between  administrations  to  plan  for 
Conferences; 

e)  Some  improvement  in  the  actual  mechanics  of 
Conferences  themselves. 

There  has  already  been  some  discussion  of  these 
issues  in  several  forums  and  the  1998  ITU  Council 
and  the  forthcoming  Plenipotentiary  Conference  in 
Minneapolis  provide  ideal  opportunities  to  consider 
further  reform. 

The  important  bottom  line  is  that  the  world 
communications  community  requires  that  the 
international  radiocommunications  regulatory 
arrangements  will  adequately  respond  to  their  needs 
on  an  ongoing  basis.  WRC-97  successfully  met  this 
requirement  but  it  will  be  a  challenge  to  repeat  that 
success  into  the  future. 


9.  FUTURE  CONFERENCES 

Despite  the  concern  reflected  above,  the  preparations 
to  the  next  conference  have  already  started.  In  the 
ITU  the  CPM,  for  which  the  author  of  this  paper 
happens  to  be  the  Chairman,  held  its  first  meeting 
and  organised  the  work  among  the  ITU-  R  Study 
groups  the  week  just  after  WRC-97.  A  special 
group  to  support  farther  BSS  planning  activities  has 
started  its  work.  The  Council  1998  will  consider  the 
provision  of  more  resources  at  its  meeting  in  June 
for  more  resources  to  make  the  WRC-99  able  to  deal 
with  the  whole  of  the  recommended  agenda 
proposed  for  that  conference. 

The  CEPT/CPG  held  its  first  meeting  in  February 
1998  to  organise  the  preparations  in  the  CEPT  and 
an  international  contact  group  already  met  in 
January  this  year. 

The  level  of  activity  is  very  high,  although  one 
should  be  concerned  with  regard  to  the  amount  of 
work  and  the  substantial  lack  of  resources  in  the  ITU 
as  well  as  in  many  Administrations. 
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Electromagnetic  Terrorism  is  an  outgrowth  of 
the  more  familiar  discipline:  Electromagnetic 

Compatibility.  In  this  case,  however,  the  terrorists 
produce  the  offending  currents  or  radiation 
intentionally.  Accidental  radiation  can  cause  severe 
and  inopportune  damage  to  electronics,  so  certainly 
those  fields  can  also  be  intentionally  impressed  on 
vulnerable  equipment.  A  number  of  recent  public 
statements  and  testimony  have  described  potential 
dangers.  This  paper  cites  some  of  the  more  recent 
statements  and  uses  those  statements  to  describe  the 
potential  threat.  It  is  not  yet  clear  how  easily  or 
effectively  such  a  potential  weapon  can  be  used,  but  it 
is  clear  that  the  electromagnetic  compatibility 
community  must  be  prepared  to  deal  with  the  threat 
when  it  emerges. 

1.  INTRODUCTION 

1.1  History 

General  Loborev  [1]  gave  a  plenary  lecture  at 
the  AMEREM  conference  in  Albuquerque  in  1996. 
With  that  speech  he  coined  the  phrase  “Electromagnetic 
Terrorism”  and  introduced  into  the  public  domain  a 
subject  that  has  concerned  many  of  us  in  the 
electromagnetic  compatibility  community  for  some 
time.  The  General’s  comments  on  the  use  of  EM 
techniques  to  defeat  alarm  and  communication  systems 
led  to  much  debate  within  the  technical  community  at 
and  after  the  AMEREM  meeting.  That  debate 
continued  with  committee  meetings  at  the  EMC  Zurich 
symposium  in  1997  and  with  a  panel  discussion  at  the 
North  American  Radio  Science  Meeting  in  Montreal  in 
July  1997. 

A  US  Congressional  Joint  Economic 
Committee  [2]  held  hearings  on  the  electromagnetic 
threat  to  the  civilian  infrastructure  and  concluded  that  it 
was  an  important  topic.  More  recently  the  debate  has 
continued  with  a  panel  discussion  on  EM  Terrorism  at 
the  EUROEM  98  Symposium  in  Tel  Aviv  in  June  1998 
and  with  a  similar  debate  I  would  like  to  encourage  at 
this  symposium. 


Several  articles  have  appeared  recently  in  the 
popular  press  claiming  that  the  threat  from 
electromagnetic  weapons  is  severe.  These  articles  serve 
the  purpose  of  encouraging  public  interest,  but  in  this 
scientific  forum  our  purpose  is  to  decide  on  a  course  of 
action. 

1.2  Application 

EM  Terrorism  is  logically  part  of  the  overall 
charter  of  the  EMC  community.  It  is  our  (the  EMC 
community’s)  job  to  recommend  standards  for  both 
emission  and  susceptibility  of  commercial  and  military 
electronic  systems.  In  the  case  of  EM  terrorism,  the 
emissions  part  of  the  equation  cannot  be  controlled,  but 
there  are  reasonable  physical  limits  on  EM  weapons.  In 
the  second  section  of  this  report  we  will  explore  some  of 
these  practical  limits  and  suggest  methods  of  using 
those  limits  to  control  vulnerability  of  commercial 
systems. 

1.3  Expectations 

The  International  Union  of  Radio  Science 
(URSI’s)  role  in  this  debate  on  EM  Terrorism  is  to 
stimulate  scientific  debate.  URSI  does  not  set  standards 
or  accomplish  other  regulatory  tasks.  At  the  end  of  this 
paper,  we  will  discuss  these  roles  more  fully  and  make 
suggestions  for  future  research  and  debate.  From  an 
URSI  point  of  view,  approval  of  a  resolution  by  the 
URSI  Council  marks  the  end  of  the  formal  URSI  role 
and  the  beginning  of  work  by  the  members  to  encourage 
further  research. 

2.  DEVELOPMENT  OF  EM  TERRORISM 

2.1  Loborev’s  Original  Address 

Gen  Loborev  gave  a  Plenary  Lecture  to  the 
AMEREM  conference  in  May  1996  [1],  That  lecture 
formed  the  basis  of  our  present  discussions  on 
electromagnetic  terrorism  and  led  to  the  public 
discussion  of  this  important  topic.  In  part  of  his  talk  on 
EM  terrorism  he  discussed  radio  controlled  explosive 
devices,  use  of  EMP  radiators  for  disabling  alarm 
systems,  pulsed  sources  for  opening  locks  and  the  use  of 
EM  devices  for  suppressing  radio  communication. 
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These  uses  are  all  closely  associated  with  criminal 
activity  and  the  Russian  mafia  is  suspected  of  using 
these  tactics.  Professor  Loborev  also  discussed  the 
potential  use  of  electromagnetic  waves  for  “reduction 
the  efficiency  of  professional  activity”  in  people. 

2.1  Recent  Congressional  Testimony 

On  17  June  1998  the  Joint  Economic 
Committee  heard  testimony  from  Lt  Gen.  Robert 
Schweitzer  about  radio  frequency  weapons  and  their 
effects  on  electronics.  Since  these  methods  and 
weapons  could  be  effective  against  their  civilian 
counterparts,  the  Committee  sought  testimony  on  the 
potential  effects  of  electromagnetic  weapons  against  the 
infrastructure  [2].  Four  scientists  testified  on  the  issue 
of  electromagnetic  threats  to  the  infrastructure:  James 
O’Bryon  (Dept  of  Defense),  David  Schriner  (Electronic 
Warfare  Associates),  Dr.  Ira  Merritt  (Missile  Defense 
Space  Tech  Center)  and  Dr.  Alan  Kehs  (US  Army 
Research  Laboratories). 

2.2.1  Mr.  James  F.  O’Bryon’s  Statement.  Mr. 
O’Bryon  is  Director  of  the  Live  Fire  Range.  His 
testimony  was  concerned  with  the  role  of  the  Live  Fire 
Range  in  testing  for  RF  weapons. 

2.2.2  Mr.  David  Schriner’s  Testimony.  Mr.  Schriner 
spent  most  of  his  time  describing  some  of  the 
advantages  of  a  Transient  Electromagnetic  Device. 
That  device  is  a  wideband  or  transient  microwave 
transmitter.  He  supported  the  effectiveness  of  the  device 
by  reminding  the  Committee  of  the  various  reminders 
we  hear  on  airplanes  not  to  use  electronic  devices  while 
the  aircraft  is  in  flight.  Mr.  Schriner  also  built  a  simple 
transient  electromagnetic  device  in  his  garage  for  about 
$500.  He  said  that  the  device  was  effective. 

2.2.3.  Dr.  Ira  Merritt’s  Testimony.  Dr.  Merritt 
discussed  the  proliferation  of  a  number  of  different  types 
of  Russian  radio  frequency  weapons  world  wide.  For 
example,  he  discussed  the  recent  Swedish  exploitation 
of  Russian  RF  weapons.  Dr.  Merritt  described  both 
electrically  driven  and  explosively  driven  devices.  His 
comments  on  susceptibility  were  less  precise.  He  did 
conclude  that  much  of  the  required  risk  mitigation  could 
be  accomplished  through  the  development  of  low  cost, 
broadly-applicable  mitigation  techniques,  similar,  but 
not  identical  to  those  used  in  the  EMC  community. 

2.2.4  Dr  Alan  Kehs’  Testimony.  Dr  Kehs  provided 
only  a  general  outline  because  of  classification  issues. 
However,  he  did  say  that  “the  growing  US  dependence 
on  sophisticated  electronics  for  warfighting  and 
domestic  infrastructure  makes  us  potentially  vulnerable 
to  electronic  attack.”[2] 


2.3  Recent  Articles  in  the  Popular  Press 

2.3.1  New  York  Times.  Eric  Rosenberg  [3]  considers  a 
scenario  in  which  an  EM  terrorist  team  attacks  a 
government  office  building  full  of  computer  equipment. 
In  his  scenario,  a  terrorist  group  uses  a  van  full  of 
electronic  equipment  to  cause  significant  damage  to  a 
building  housing  government  electronics.  He  asserts 
that  damage  may  be  severe.  This  article  and  others  like 
it  grew  from  the  above  cited  testimony  before  the  Joint 
Economics  Committee  Hearing  .  That  particular 
scenario  was  not  used  in  the  testimony,  but  it  provides  a 
clear  statement  of  the  situation  that  we  all  fear  in 
electromagnetic  terrorism. 

2.3.2  New  York  Review  of  Books.  Elizabeth  Scarry 
describes  an  even  more  serious  scenario  in  which  she 
suggests  that  a  possible  cause  of  the  TWA  800  disaster 
was  electronic  interference  [4],  While  we  do  not  believe 
that  EMI  was  the  cause  of  the  TWA  800  explosion,  Dr 
Scarry’s  summary  of  the  potential  for  disaster  caused  by 
electromagnetic  interference  is  effective  and  scientific. 
Clearly,  damage  or  interference  with  electronic 
communications  or  navigation  gear  on  aircraft  could 
cause  a  very  serious  accident. 

2.4  Panel  Discussions 

So  far,  there  has  not  been  sufficient 
information  available  at  the  various  scientific  symposia 
to  support  a  complete  session  on  electromagnetic 
terrorism.  However,  there  have  been  meetings  and 
panel  discussions  within  the  various  scientific  societies. 

2.4.1  Electromagnetic  Compatibility  -  Zurich.  The 
meetings  in  Zurich  were  primarily  organizational. 
URSI  Commission  E  held  an  informal  discussion  on 
electromagnetic  terrorism  and  decided  to  form  a 
subcommittee  on  Electromagnetic  Terrorism  under  the 
existing  URSI  Committee  on  EMP  and  Other  Matters 
led  by  Dr  Manuel  Wik.  Dr.  Heinz  Wipf  was  asked  to 
chair  the  subcommittee. 

2.4.2.  North  American  Radio  Science  Meeting.  URSI 
Commission  E  held  a  Panel  Discussion  on 
Electromagnetic  Terrorism  in  Montreal  during  July 
1997.  The  panel  discussion  generated  a  lot  of  interest 
and  the  standing  room  only  audience  overflowed  into 
the  hallway.  Several  members  of  the  panel  suggested 
scenarios  in  which  electromagnetic  terrorism  could  be  a 
serious  problem.  One  of  those  included  the  use  of 
surplus  radar  equipment  to  threaten  low  flying  aircraft. 
There  was  little  agreement  on  the  vulnerability  of  such 
an  aircraft,  despite  extensive  testing  for  EMC/EMI 
purposes.  There  was  also  considerable  uncertainty  in 
the  vulnerability  of  ground  equipment,  particularly  since 
the  configuration  of  the  equipment  was  ill-defined. 
Most  of  the  audience  supported  additional  research  into 
electromagnetic  terrorism  and  appropriate  protection 
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techniques.  A  minority  expressed  the  fear  that 
discussion  of  the  topic  would  encourage  the  use  of 
electromagnetic  means  to  disrupt  electronics  critical  to 
the  infrastructure.  We  have  found  that  the  discussion  is 
already  in  the  public  domain  and  believe  it  should 
continue  with  aim  of  encouraging  research  and 
appropriate  protection  techniques. 

3.  QUANTITATIVE  DISCUSSION 


could,  in  principle,  be  driven  at  up  to  air  breakdown 
which  is  about  105  W/cm2.  That  allows  a  total  power  of 
about  a  gigawatt  transmitted.  Assuming  a  1  GHz 
narrowband  source  the  relationship  between  the  power 
density  and  range  is  shown  in  fig.  2. 


1  kW/cm2 

ffljl 


3.1  Potential  Sources 

An  electromagnetic  terrorist  first  requires  a 
source,  or  radio  transmitter.  That  source  must  be 
effective  to  a  reasonable  range  against  equipment 
important  to  the  target  country.  In  his  design,  the 
terrorist  must  consider  all  of  the  transfer  functions 
indicated  in  fig.  1  [5], 
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Figure  1:  System  Interaction  for  HPM  [5] 

Each  of  the  layers  of  fig.  1  represents  a  change 
in  the  HPM  signal  generated  in  the  source.  Transition 
to  the  antenna  attenuates  and  distorts  the  signal.  The 
antenna  directs  the  signal  and  narrows  its  focus. 
Distance  is  one  of  the  major  limiting  factors  for  high 
power  microwave  devices  and  is  chiefly  1/r2  .  As  the 
intervening  attenuation  block  indicates,  however,  there 
may  be  additional  layers  like  building  walls  that  may 
further  attenuate  the  signal.  System  surfaces  accept 
varying  frequencies  with  strongly  varying  degrees  of 
efficiency  so  the  terrorist  much  match  the  source  to  the 
target  geometry.  The  signal  is  further  attenuated  as  it 
penetrates  to  the  sensitive  circuit  element.  Finally, 
there  must  be  sufficient  signal  strength  remaining  to 
affect  the  device  of  interest. 

To  get  an  idea  of  the  requirements  for  such  a 
terrorist  weapon,  we  can  consider  some  of  the 
limitations.  First,  antennas  aperture  sizes  are  limited 
for  practical  reasons  to  about  1  m2 ,  say.  That  aperture 


Figure  2:  Power  Density  as  a  Function  of  Range 

While  this  plot  is  just  a  simple  1/r2  plot,  it 
demonstrates  how  little  range  some  weapon  concepts 
might  have  for  required  power  levels.  If  one  requires  1 
kW/m2  at  the  surface  of  a  system  to  achieve  lethality 
then  our  hypothetical  source  configuration  has  a  range 
of  less  than  a  kilometer.  If  1  kW/cm2  is  required  then 
the  range  is  only  about  30  m,  easily  within  rock 
throwing  distance. 

The  attenuation  of  walls  and  other  parts  of  a 
structure  make  up  an  important  part  of  the  propagation 
attenuation.  A  simple  wall  may  attenuate  a  signal  by  10 
dB.  A  more  complex  building  with  metal  cables  and 
structural  members  may  attenuate  the  signal  many  10s 
of  dB.  These  attenuators  lower  the  curve  in  fig.  2 
significantly. 

3.2  Susceptibility 

Precise  statements  about  lethality  of  HPM 
concepts  are  beyond  the  scope  of  this  paper,  but  the 
large  variation  of  susceptibility  levels  is  important  to 
this  debate.  If  you  are  a  high  power  microwave  weapon 
designer  for  a  government  then  you  would  like  to  be 
able  to  design  a  weapon  to  affect  your  target  and  only 
the  required  target.  You  must  attack  your  target 
whether  the  target  has  low  susceptibility  levels  or  not. 
The  EM  Terrorist  does  not  have  these  restrictions.  He 
can  attempt  to  find  a  weakness  m  a  system.  Since  his 
method  of  attack  leaves  little  evidence  of  the  attack,  he 
can  continue  trying  until  he  succeeds. 

There  are  extreme  variations  in  operating 
levels  for  electronic  equipment.  Electronic  navigation 
equipment  operates  at  extremely  low  levels,  but  power 
switchgear  may  operate  with  thousands  of  amps  and 
thousands  of  volts.  Obviously,  one  class  of  equipment  is 
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easier  to  affect  than  the  other.  While  susceptibility 
levels  do  not  track  operating  levels  there  is  a 
correlation.  Fig.  3  shows  a  possible  range  in 
susceptibility  levels  [6]  for  varying  exposure  to  high 
power  microwaves.  The  figure  shows  the  variation  in 
lethality  for  a  number  of  different  systems.  The  x-axis 
is  just  some  arbitrary  system  number.  The  y-axis  is  the 
intensity  at  which  the  system  might  be  expected  to  fail. 
There  are  a  couple  of  values  outside  the  boundary. 
These  bars  are  there  to  remind  you  that  there  are  always 
targets  that  are  not  appropriate  for  high  power 
microwaves. 


Figure  3:  Intensity  Levels  for  Possible  HPM 
Lethality  for  a  Variety  of  Systems 

4.  ROLES  FOR  FUTURE  RESEARCH 

During  the  various  workshops,  there  was  some 
discussion  about  the  role  of  URSI  in  this  debate  about 
protection  from  EM  terrorists.  URSI  is,  by  its  nature  a 
public,  international  organization,  so  all  of  its  technical 
meetings  are  open  to  anyone  willing  to  register  for  the 
conference.  The  details  of  electromagnetic  interaction 
of  particular  systems  are  not  public,  however,  and 
specific  vulnerabilities,  like  that,  should  not  be  made 
public.  There  is  still  room  for  technical  debate  about 
the  methods  that  should  be  used  to  protect  the  public 
from  the  damage  that  can  be  done  to  the  infrastructure 
by  EM  terrorists.  That  brings  us  to  the  roles  of  the 
various  organizations  in  this  debate. 

4.1  The  Role  of  URSI. 

URSI’s  home  page  describes  the  role  of  URSI 
in  the  following  way: 

“The  object  of  the  International  Union  of  Radio  Science 
(Union  Radio-Scientifique  Internationale)  is  to  stimulate 
and  to  coordinate,  on  an  international  basis,  studies  in 


the  field  of  radio,  telecommunication  and  electronic 
sciences,  and,  within  these  fields: . ” 

We  are  now  considering  the  issues  and 
members  of  Commission  E  will  likely  frame  a 
resolution  for  consideration  by  the  URSI  Council  at  the 
next  General  Assembly.  If  the  Council  approves  the 
resolution,  it  will  be  distributed.  The  formulation  of 
standards  of  protection  belongs  to  other  parts  of  the 
electromagnetic  compatibility  community,  however. 

4.2  The  Electromagnetic  Compatibility  Community 

The  IEEE  web  site  describes  the  role  of  the 
Electromagnetic  Compatibility  Society  with  the  words: 

“The  IEEE  EMC  Society  strives  for  the  enhancement  of 
electromagnetic  compatibility  through  the  generation  of 
engineering  standards,  measurement  techniques  and  test 
procedures,  measuring  instruments,  equipment  and 
systems  characteristics,  improved  techniques  and 
components,  education  in  EMC  and  studies  of  the 
origins  of  interference.” 

The  IEEE  EMC  Society,  as  do  other 
organizations,  is  in  the  business  of  recommending 
standards  for  EMC  and  that  is  where  the  real  work  of 
electromagnetic  terrorism  belongs. 

5.  CONCLUSIONS 

The  public  should  be  protected  from  the 
extensive  damage  that  could  be  done  to  vital  computers 
in  the  infrastructure  or  to  other  electronic 
communications  or  navigation  equipment.  To  protect 
the  public  the  threat  must  first  be  defined.  It  must  be 
assumed  that  terrorists  do  not  have  the  resources  of  a 
major  power  and  so  will  use  available  technology.  It  is 
then  appropriate  for  us  to  survey  the  available  surplus 
equipment  sold  by  governments  or  by  private 
companies.  There  are  also  physical  limits  on  what  can 
be  done  in  microwave  source  technology,  such  as  those 
suggested  in  section  3. 

After  the  threat  is  defined,  we  must  work  to 
protect  the  electronic  equipment  used  in  vital 
equipment.  Electromagnetic  compatibility  is  the 
discipline  that  is  designed  to  provide  that  protection  to 
the  public  and  to  insure  that  the  protective  measures 
work.  It  is  only  necessary  to  include  the  potential  threat 
from  intentional  microwave  sources  in  the  EMC 
specifications  as  well  as  those  threats  from 
unintentional  sources.  Some  of  the  intentional  sources 
may  be  severe  and  require  extensive  hardening.  At  that 
point,  the  EMC  community  must  outline  the  risks  and 
the  economic  trades  to  the  public  and  to  the  owners  of 
the  electronic  equipment. 
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Abstract 

The  characteristics  of  the  electricity  supplied  by  the 
Utilities  to  the  users  -  Power  Quality  -  is  a  very  topical 
subject.  Aim  of  the  paper  is  first  to  summarize  the 
most  important  technical  issues:  definition  (PQ  should 
not  be  confused  with  EMC  although  related  to  it), 
relevant  parameters,  examples  of  limits  or  indicative 
values,  role  of  the  Utilities  and  users.  On  the  other 
hand,  it  draws  attention  to  several  other  aspects,  e  g. 
subjective  assessment  by  the  users,  legal  or 
contractual  responsibility. 

1.  Definition  of  Power  Quality 

Power  Quality  (PQ)  is  a  very  topical  subject  dealt 
with  in  numerous  organizations  (see  Chapter  2),  but  it 
is  amazing  that,  although  they  consider  the  same 
phenomena,  quite  different  definitions  of  this  concept 
exist  (when  a  definition  is  given  at  all).  In  the  context  of 
this  contribution  it  will  be  referred  to  a  definition 
proposed  by  an  IEC  ACEC  working  group: 

“Power  quality:  Set  of  parameters  defining  the  pro¬ 
perties  of  the  electrical  power  supply  as  delivered 
to  the  user  in  normal  operating  conditions  of 
continuity  of  supply  and  characteristics  of  voltage 
(symmetry,  frequency,  magnitude,  waveform).” 

Practically,  this  definition  is  close  to  the  title  of  the 
relevant  CENELEC  Standard  EN  50160  [3],  “Voltage 
characteristics  of  electricity  supplied  by  public  distri¬ 
bution  systems." 

The  IEC  definition  is  commented  on  by  two  notes: 

“Note  1 :  PQ  expresses  the  user’s  satisfaction  with 
the  supply  of  electricity.  PQ  is  good  if  electricity 
supply  is  within  satisfactory  and  any  contractual 
limits  and  there  are  no  complaints  from  users.” 

PQ  is  not  only  a  technical  operational  problem  of 
the  utilities  but  depends  on  the  perception  of  the  users 
with  regard  to  their  applications. 

Note  2:  PQ  depends  not  only  on  the  supply  but 
can  be  strongly  affected  by  the  user’s  equipment 
and  installation  practices.” 

One  has  to  account  not  only  for  the  Utilities' 
features  but  also  the  users'  influences  and  the 
interactions  between  both. 

The  above  definitions  require  some  comments: 


a)  “Electricity  supplied”  means  in  fact  that  Electricity 
in  this  context  has  to  be  considered  as  a  Product. 
This  is  particularly  stated  in  the  EC  Directive 
85/374  on  Product  Liability. 

b)  “In  normal  operating  conditions"  means  that  also 
"undisturbed”  conditions  and  the  normal  ranges  of 
variation  have  to  be  considered,  not  only  disturb¬ 
ances. 

c)  PQ  is  a  concept  different  from  Electromagnetic 
Compatibility  EMC.  The  latter  is  defined  as  follows: 

“Electromagnetic  compatibility:  The  ability  of  an 
equipment  or  system  to  function  satisfactorily  in 
its  electromagnetic  environment  without  intro¬ 
ducing  intolerable  electromagnetic  disturbances  to 
anything  in  that  environment. 

PQ  and  EMC  are  two  different  concepts  in  that 
EMC  concerns  equipment  or  systems  -  hardware  items 
-  and  only  disturbances.  From  this  last  viewpoint  EMC 
may  be  considered  as  a  subpart  of  PQ  Obviously 
there  is  a  close  connection  between  PQ  and  EMC,  as 
the  voltage  characteristics  depend  on  the  emission  of 
the  conducted  EM  disturbances  and  their  limits.  For 
this  reason,  there  is  often  confusion  between  these  two 
concepts. 

d)  In  the  context  of  PQ,  certain  limits  or  indicative 
values  are  specified  (see  Chapter  3  and  Tables  1  to 
3).  These  values  should  not  be  confused  with 
“compatibility  levels”  which  may  be  defined  as 
follows: 

“The  specified  levels  of  a  particular  disturbance 
phenomenon  in  a  specified  environment,  estab¬ 
lished  as  a  reference  value  for  the  co-ordination  of 
emission  levels  and  immunity  requirements  in 
order  to  achieve  EMC” 

Compatibility  levels  are  related  to  the  design  of 
equipment  or  systems  (emission  and  immunity),  PQ 
levels  to  the  actual  values  of  the  network  voltage. 

e)  Another  definition  should  also  be  kept  apart  from 
PQ:  “Planning  levels”.  Planning  levels  may  be 
defined  as  the  reference  levels  for  the  connection  of 
equipment  or  a  system  in  order  that  it  complies 
with  the  general  requirements  of  PQ  or  EMC.  It  is 
more  an  internal  working  reference  value  of  the 
Utilities. 

f)  A  technical  remark  concerning  the  disturbances 
phenomena:  From  the  overall  catalogue  of  EM 
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3.  The  parameters  of  Power  Quality 

3.1  It  seems  appropriate  to  classify  the  parameters  of 
PQ  in  three  categories  (which  deviate  from  the  classifi¬ 
cation  of  Electromagnetic  phenomena): 

Parameters  concerning  normal  power  supply 

•  voltage  magnitude  and  normal  variation  range 

•  slow  variations  of  the  supply  voltage 

•  long  voltage  interruptions  (t  >  3  min) 

•  frequency  and  normal  variation  range 

•  slow  variations  of  the  supply  frequency 


disturbances  -  low  frequency,  high  frequency,  con¬ 
ducted,  radiated,  ESD,  HEMP,  ...  -  it  is  obvious 
that  only  the  conducted  disturbances  -  at  Low 
frequencies  (LF),  but  also  at  High  frequencies  (HF) 
-  have  to  be  considered  in  the  context  of  PQ. 

g)  There  is  also  to  note  that  the  term  “normal  opera¬ 
ting  conditions”  excludes  special  situations  like: 

exceptional  weather  conditions  and  natural  disas¬ 
ters 

third  party  interference's 
industrial  and  other  external  actions 
acts  of  public  authority 


A:  TooJ  Mppfy  an«k  linurtaaoe  (liwe/locaiio*  cudoics) 


DISTURBANCE  LEVTC  (orbitrary  seal*) 


Fig.  1:  Emission  level,  Compatibility  level,  Immunity 
level,  Planning  level 

2.  Organizations  dealing  with  Power  Quality 

As  already  stated,  PQ  is  nowadays  a  very  topical 
subject  dealt  with  in  numerous  organizations  but  with 
different  purposes:  general  guidance,  description  of  the 
phenomena,  setting  of  limits,  improvements,  etc.  They 
are: 

•  Standardization  bodies 

like  IEC  [1,  2],  CENELEC  [3],  IEEE  [7]  which 
develop  standards  for  limits  -  this  in  fact  in  the  case 
only  of  CENELEC  (see  Chapter  3)  -  or  mainly  with 
regard  to  measurement  methods: 

•  In  IEC,  SC  77A/WG  9:  “Power  quality  measure¬ 
ment  methods”. 

•  In  CENELEC,  BTTF  68-6  "Physical  Characteristics 
of  Electrical  Energy". 

•  In  IEEE  SCC  22:  “Powr  Quality". 

•  Associations  of  Utilities 

like  UNIPEDE  [4,  5,  6],  EPRI  which  prepare 
detailed  technical  guidance  documents. 

•  Important  utilities 

like  EDF  [10,  11,  12],  ENEL  which  prepare  national 
technical  studies  and  sometimes  offer  special 
tariffs  to  their  users  in  order  to  promote  PQ. 

•  Private  bodies 

which  organize  symposiums  with  the  title  Power 
Quality  but  very  often  deal  only  with  the  EMC  part 
of  the  subject,  or  equipment  manufacturers. 


Parameters  concerning  disturbances  of  the  voltage 
magnitude  and  symmetry 

•  overvoltages 

•  rapid  voltage  changes 

•  fluctuations  of  voltage  magnitude  (flicker)  * 

•  voltage  dips  (AU  <  95%)  * 

•  short  voltage  interruptions  (AU  >  95%,  t  <  3  min)  * 

•  unbalance  of  the  three  phase  voltages  * 

Parameters  concerning  disturbances  of  the  voltage 
wave 

•  Harmonics  * 

•  Interharmonics  * 

•  Signalling  voltages  (Ripple  Control  and  HF  up  to 
500  kHz)  * 

•  Commutation  notches 

•  Transient  overvoltages  (surges  or  oscillatory)  * 

The  phenomena  marked  with  an  *  are  also 
considered  as  EM  disturbances  in  the  series  of  the 
standards  IEC  61000-X-Y  [14] 

We  assume  in  the  context  of  this  paper  that  the 
physical  characteristics  and  the  sources  of  these 
phenomena  are  well  known.  They  are  described  in 
detail  in  the  relevant  literature  [e.g.  2,  4,  7]  ... 

Figures  3  to  9  show  typical  examples  or  limits  for 
the  most  important  disturbances:  voltage  variations, 
flicker  limits,  harmonics,  transients. 

3.2.  The  physical  characteristics  of  these  parameters, 
magnitude,  duration,  etc.  are  of  course  primary  factors 
for  the  evaluation  of  their  importance  but  with  regard  to 
their  nuisance  for  the  users.  The  variation  in  course  of 
time  and  the  probability  of  occurrence  play  also  a  great 
role:  a  phenomenon  which  appears  with  a  high  magni¬ 
tude  but  very  seldom  may  be  less  critical  than  a  phe¬ 
nomenon  with  a  low  magnitude  which  is  more  or  less 
continuous.  Measurements  for  the  evaluation  of  PQ 
should  therefore  consider  both  aspects: 

-  physical  characteristics,  e.g.  magnitude  (rms  or  peak 
values,  average  values  over  a  certain  period),  dura¬ 
tion, 

-  time  dependence  which  is  accounted  for  by 

-  a  measurement  period 

-  an  observation  period 

3.3.  Depending  on  the  disturbance  phenomenon  a 
Utility  or  the  users  may  influence  it  and  reduce  its 
effects  by  appropriate  mitigation  methods;  this  is  for 
example  the  case  with  slow  voltage  variations,  har¬ 
monics,  flicker,  etc.  It  is  then  possible  to  specify  distur¬ 
bance  limits,  which  should  not  be  exceeded  or  only 
during  a  specified  period  of  time. 
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With  other  phenomena  the  application  of  mitigation 
methods  is  not  easily  possible  or  unreasonably  costly 
so  that  it  is  only  possible  to  assess  the  actual  distur¬ 
bance  characteristics  and  to  give  as  reference  what  is 
called  "indicative  values”. 

Generally,  like  for  the  compatibility  levels,  the  com¬ 
pliance  criterion  for  PQ  is  that  the  specified  limits  or 
“indicative  values”  would  not  be  exceed  in  95%  (or 
99%)  of  the  cases  or  the  time. 


u% 


9S%  duration  o <  flXMUftnwot  1  w— k  X 


Fig.  2:  Probability  density  curve  (Example:  5th 
harmonics) 


Fig.  3:  CBEMA  tolerance  curve  (voltage  variation  up  to 
1  h,  transients  above  10  psec) 


4.  Overview  on  Power  Quality  values 

Tables  1  to  3  summarize,  as  an  example,  the  values 
specified  for  Europe  in  the  CENELEC  Standard  EN 
50160  [3]  (or  where  more  appropriate  the  values  given 
in  the  guidance  documents  of  UNIPEDE  [4,  5,  6]).  The 
tables  show  for  the  three  categories  of  parameters 
listed  in  paragraph  3.1: 

•  the  considered  parameters 

•  the  specified  limits  [2]  or  indicative  values 

•  the  compliance  criteria 

•  the  measurement  rules: 

-  measurement  periods 

-  observation  periods. 

It  can  be  observed  that  the  EM  limits  or  indicative 
values  of  EN  50160  are  often  the  same  as  the  com¬ 


patibility  levels  specified  in  I  EC  61000-2-2  [2]  but  it 
shall  be  remembered,  as  explained  in  Chapter  1,  that 
they  correspond  to  two  different  concepts. 


Fig.  4:  Example  of  the  distribution  of  voltage  dips 
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Fig.  5:  Flicker  tolerance  curve 

Other  PQ  standards  specify  in  general  similar 
values  and  measurement  rules  [7,  8,  9,  11] 

It  may  be  pointed  out  again  that  these  limits  or 
indicative  values  are  not  to  be  assessed  just  from  a 
technical  viewpoint  but  also  from  the  user  acceptance  - 
or  satisfaction  -  viewpoint  (see  Chapter  7). 


5.  Measurement  equipment  for  Power  Quality 

Several  manufacturers  produce  equipment  for  the 
measurement  of  the  PQ  parameters  which  go  from 
very  sophisticated  apparatus  for  special  investigations 
to  simple  apparatus  for  large  field  investigation  cam¬ 
paigns  (Note:  this  chapter  will  deal  only  with  the  PQ 
specific  features;  for  ail  other  “classical"  requirements 
like  mechanical,  climatic,  operational  conditions,  etc.  it 
is  referred  to  relevant  standards  or  product  descrip¬ 
tions). 
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The  most  sophisticated  apparatus  presently  on  the 
market  can  be  characterized  by  the  following  main 
data  [13]: 

inputs 

•  voltage  channels:  4  (3  x  Ph  +  N) 

•  current  channels:  4  or  5  .  (4  x  Ph  +  N  +  [Ground]) 

Functions 

•  Frequency  of  the  network 

•  Voltage  variations  (slow  variations) 

•  Overvoltages 

•  Voltage  dips 

•  Voltage  interruptions 

•  Harmonics  (THD  and  spectrum) 

•  Interharmonics 

•  Flicker 

•  Unbalance 

•  Remote  signals  (up  to  148,5  kHz) 

•  Transients  (psec  domain) 


Note:  also  KW,  KVA,  cos  <p. 


Parameter 

Limits  (L) 
or  indicative 
values  (1) 

-  Measurement  period 

-  Observation  period 

Supply  voltage 
and  slow 
variations 

L-N:  230  V  ±10% 
95%  of  a  week 

L 

-  10  min.  mean  rms 
values 

-  one  week 

Supply: 

frequency 

(interconnected) 

systems 

f:  50  Hz  ±  1  % 
95%  of  a  week 
(50  Hz  +  41- 6% 

1 00%  of  a  week] 

L 

- 10  sec.  mean  value 
-  one  week 

Table  1:  Limits  and  indicative  values  related  to  normal 
voltage  conditions 
[EN  50160  or  UNIPEDE  Guide] 


Parameter 

Limits  (L) 
or  indicative 
values  (1) 

-  Measurement  period 

-  Observation  period 

Overvoltages  of 

U  <J)  Lv 

number  of  events 
(LV  fault:  Uph  < 
440  V) 

(MV  fault:  Uph  < 
1500  V) 

1 

-  <20  msec  up  ... 

Rapid  voltage 
changes  (<10%) 

number  of 
changes 
(AU  normally  < 
5%,  exceptionally 
<10%) 

l 

-  to  be  defined 

Voltage  dips 
10%  <  AU  < 
95% 
t  <  1  min 

-  number  of  dips 
(majority  less  1 
sec) 

1 

-  20  msec  to  1  min 

-  e  g.  1  year 

Short 

interruptions 
AUor-  100% 
t  <  3  min 

-  number  of 
interruptions  (ca 
70%  less  1  sec) 

1 

-  20  msec  to  1  min 

-  e.g.  1  year 

Flicker 

-  Pr  £  1  % 

-  95%  of  a  week 

L 

-  10  min  over  2  h 

-  one  week 

Unbalance 

(negative 

sequence) 

-  majority  <  2% 
exceptionally  < 

3% 

-  95%  of  a  week 

L 

-  10  min  rms  mean 
values 

-  one  week 

Table  2:  Limits  and  indicative  values  for  EM 
disturbances  related  to  the  voltage  magnitude 
[EN  50160  or  UNIPEDE  Guide] 


Parameter 

Limits  (L) 
or  indicative 
values  (1) 

_ _ 

-  Measurement  period 

-  Observation  period 

Harmonics 
(up  n=40) 

-  THD  <  8% 

-  individual 
harmonics 

compatibility  level 
-  95%  of  a  week 

L 

- 10  min  rms  mean 
values 

Interharmonics 

-  individual 
frequency 
<  0.2%  Un 

1 

-  to  be  defined 

Transients 

Ips  to  1ms 

-  generally  <  6 
<  KVP 

1 

-  e.g.  over  one  year 

Mains  signalling 
100  Hz  -150 
kHz 

-  diminishing  with 
frequency 

9V  to  IV  - 
99%  of  a  day 

L 

-  3  sec  rms  mean  values 

-  day 

Table  3:  Limits  and  indicative  values  for  EM 
disturbances  related  to  the  power  voltage  waveform 
[EN  50160  or  UNIPEDE  Guide] 


Software 

•  Measurement  and  observation  periods 

•  Calculation  of  mean  values 

•  Comparison  with  limits 

•  Fast  Fourier  Transform 

•  Flicker  (IEC  868) 

•  Unbalance  (negative  sequence) 

•  Statistics 

Display  and  Printer 

•  Data  and  curves  (momentaneous  and  long  periods) 

•  Cumulative  probability  curves 

•  Display  against  tolerance  curve  (CBEMA,  etc.,  ...) 

Remote  communication 

•  Internet  or  other  channels 

Electronic  data 

•  Microprocessor  min.  Intel  386 

•  Memory  4  MB  RAM,  540  MB  HD 

•  Software  based  on  Windows  3x  ... 

•  Sampling  for  power  frequency  ca  8  kHz 

•  Sampling  for  transients  4  MHz 

It  is  obvious  that  such  highly  sophisticated  equip¬ 
ment  is  very  expensive  and  not  appropriate  for 
large/mass  applications.  Different  stages  of  simplifi¬ 
cation  may  be  considered: 

•  Limitation  to  just  the  application  of  EN  50160. 

•  Limitation  to  just  the  most  important  parameters 

[10,  11,  12] 

-  Voltage  dips  and  interruptions  (short  and  long 
time) 

-  Harmonics 

-  Unbalance 
(KW  and  KVar) 

Note:  Other  functions  with  specialized  apparatus 
like  Flickermeter,  Transient  recorders,  etc. 

•  Limitation  to  one  parameter 

-  generally  harmonics 

•  Optional  equipment  for  sophisticated  apparatus 

In  all  these  cases,  separate  data  processing  on  a 
PC  or  central  data  processing  via  remote  data 
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transmission  (continuously  or  at  fixed  periods),  etc,  ... 
can  be  considered:  the  necessary  options  exist. 


Fig.  6:  Current  of 
a)  TV  set 

b)  speed  regulated  drive 

Practically,  sophisticated  equipment  may  be  used 
for  technical  investigations,  the  detection  of  the  origin 
of  faults,  in  case  of  user  complaints.  Simplified  equip¬ 
ment  is  appropriate  for  a  statistical  assessment  over  a 
whole  network. 

6.  Responsibility  for  Power  Quality 

With  reference  to  the  classification  of  the  PQ  para¬ 
meters  in  chapter  3,  the  improvement  of  PQ  means: 

•  stabilization  of  the  power  frequency  and  network 
voltage 

•  reduction  of  magnitude  and  rate  of  occurrence, 
possibly  elimination,  of  the  network  voltage  varia¬ 
tions  (flicker,  dips,  etc,  ... ) 

•  reduction  of  magnitude  and  rate  of  occurrence, 
possibly  elimination,  of  the  conducted  low  fre¬ 
quency  electromagnetic  disturbances,  harmonics, 
etc,  .  .  and  transients 

In  practice  measures  have  and  can  be  taken  on  two 
levels 

•  measures  related  to  the  network  dimensioning  and 
operation  -  on  the  supply  utility  side 

•  measures  related  to  the  disturbing  loads  -  on  the 
consumer  side. 

A  very  broad  technical  literature  exists  in  special¬ 
ized  revues  or  in  the  proceedings  of  EMC  symposiums 
on  these  subjects.  They  cannot  be  dealt  with  in  the 
context  of  this  paper  and  it  is  referred  to  this  literature. 
However,  there  is  one  aspect,  which  is  less  frequently 
considered:  the  respective  responsibility  of  the  supply 
utility  and  of  the  consumers  for  the  improvement  of 


PQ.  Let’s  examine  the  situation  for  the  most  important 
parameters. 

•  Power  frequency  voltage  range,  slow  variations 

It  is  the  primary  task  of  a  utility  to  supply  electricity 
within  the  normal  frequency  range  and  within  the 
normal  voltage  range.  This  implies  a  correct  dimen¬ 
sioning  of  the  transformers  and  lines  as  well  as 
appropriate  operation  rules  (limits  for  voltage 
drops,  voltage  regulation,  ...).  Accordingly  the  Util¬ 
ity  has  to  take  care  of  slow  voltage  variations. 

In  the  following  it  is  then  always  assumed  that  the 
network  is  correctly  dimensioned  within  the  regula¬ 
tory  or  contractual  requirements. 


KanV  of  tV  HansoMc? 

Fig.  7:  Compatibility  levels  for  harmonics 
(IEC  61000-20-2) 

•  Long  voltage  interruptions 

Long  voltage  interruptions  are  practically  always 
caused  by  faults  in  the  network  for  which  the  utility 
must  take  care. 

•  Overvoltages 

Temporary  overvoltages  occur  in  the  LV  systems 
seldom  (generally  the  LV  distribution  systems  are 
operated  with  a  solidly  grounded  neutral);  they  can 
arise  as  a  consequence  of  a  fault  and  switching  on 
of  power  factor  improvement  capacitors. 

•  Rapid  voltage  changes 

The  are  due 

-  either  to  tap  changes  in  transformers  on  the  utility 
side 

-  or  to  switching  on/off  big  loads  on  the  consumer 
side. 

•  Voltage  dips,  short  voltage  interruptions 

Such  disturbances  can  happen  because  of: 

-  either  faults  on  the  lines  (e  g.  short-circuits  or 
earth  faults  followed  by  rapid  recluse) 

-  or  by  faults  in  the  consumer  installation  (cleared 
up  quickly  by  protection  devices). 

The  former  ones  depend  strongly  on  the  network 
characteristics:  overhead  or  cable  lines,  climatic  envi¬ 
ronment . 
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The  other  ones  depend  on  the  use  of  equipment 
according  to  quality  standards  and  appropriate  instal¬ 
lation 

•  Voltage  fluctuations  and  flicker 

Voltage  fluctuations  and  the  resulting  flicker  are 
due  to  the  characteristics  of  the  load  (e  g  arc  fur¬ 
naces,  motor  switching,  ... )  for  which  the  consumer 
is  responsible  and  for  which  he  has  to  comply  with 
the  relevant  standards. 
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Fig.  8:  Typical  example  of  transients  in  LV  networks 

•  Harmonics,  Interharmonics 

The  source  of  harmonics  is  definitely  on  the  user 
side  which  must  comply  with  the  relevant  current 
limiting  standards  (e.g.  for  small  equipment  IEC 
61000-3-2)  or  agree  on  the  connection  conditions 
with  the  utility  (for  large  equipment  IEC  61000-3- 
4/6) 

However,  as  mentioned,  it  should  be  expected  that 
the  utility  put  at  disposal  a  correctly  dimensioned 
network 

•  Unbalance 

Origin  is  mostly  an  unbalanced  load  between  the 
three  phases 

-  either  because  of  a  wrong  distribution  of  the  load 
on  the  three  phases  by  the  utility 

-  or  by  the  consumer 

•  Transients 

Transients  are  mostly  caused  by  switching  pheno¬ 
mena  or  in  the  network  in  the  user  installations. 
They  are  natural  phenomena  for  which,  for  the  time 
being,  no  limitation  standards  have  been  devel¬ 
oped.  For  some  cases  mitigation  rules  exist. 


Other  transients  are  due  to  lighting  but  are  infre¬ 
quent. 


Fig,  9:  Percentage  of  transients  exceeding  a  given 

Value  Of  Umax  [3] 

Three  conclusions  or  remarks  follow  from  above  over¬ 
view: 

•  The  responsibility  for  PQ  is  shared  between  utilities 
and  users.  However,  it  cannot  and  should  not  be 
said  which  side  bears  more'responsibility. 


•  Some  of  the  PQ  parameters  can  be  kept  under 
control  and  relevant  limiting  standards  or  instal¬ 
lation  guidelines  have  been  or  can  be  developed. 
Other  PQ  parameters  cannot  or  not  yet  be  kept 
under  control  and  should  be  considered  as  natural 
phenomena. 

•  Therefore  it  is  recommended, 

-  that  the  utilities  design  and  lay  out  their  networks 
in  order  to  provide  good  supply  conditions 

-  the  user  respect  the  product  standards  and  in 
particular  the  ones  related  to  the  limitation  of  EM 
emissions. 

7.  Some  aspects  regarding  the  future 

It  can  be  seen  from  above  considerations  that 
considerable  work  has  been  already  carried  out  with 
regard  to  PQ.  Of  course,  all  Electricity  Companies  will 
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continue  their  efforts  to  improve  the  quality  of  supply 
and  the  existing  technology.  In  the  context  of  this 
paper,  this  topic  should  not  be  dealt  with,  but  rather 
consideration  be  given  to  some  important  aspects 
which  may  or  may  not  arise  in  future.  Let's  discuss  • 

some  of  these  items. 

•  Single  PQ  factor 

It  has  been  considered,  if  the  PQ  of  a  network 
could  be  characterized  by  a  single  factor  combining 
all  the  parameters.  But  the  actual  level  of  each 
parameter  depends  very  much  on  the  local  condi¬ 
tions,  then  how  to  combine  harmonics  and  voltage 
dips  taking  into  account  the  climatic  environment? 

Difficult!  The  idea  has  been  quickly  abandoned  and 
PQ  has  to  be  assessed  parameter  by  parameter. 


Fig.  10:  Emission  limits  for  mains  signaling 

•  PQ  classes 

Another  consideration  was  if  it  would  be  possible  to 
define  PQ  classes.  Also  a  very  delicate  intention  ... 
which  may  have  negative  legal  or  psychological 
aspects.  The  idea  has  also  been  abandoned  ...  at 
least  for  the  time  being. 

•  User’s  satisfaction 

A  feature,  which  has  slightly  been  alluded  to  in  the 
previous  chapters,  is  the  consideration  that  PQ  is 
not  only  a  technical  problem  but  that  it  should  also 
be  estimated  by  the  level  of  satisfaction  of  the 
users  with  regard  to  its  application. 

This  aspect  has  been  considered  by  EdF-  Elec¬ 
tricity  de  France  -  with  its  project  QUALIMAT  which 
consists  of  two  parts: 

the  "physical"  measurement  of  the  voltage  cha¬ 
racteristics  countrywide,  with  a  large  set  of 
measurement  apparatus  QUALIMETRE  asso¬ 
ciated  with  a  statistical  analysis  software 
QUALISCOPE  [10,  11,  12] 
an  analysis  of  the  “subjective"  feeling  of  the 
users  by  means  of  questionnaires  sent  to  a 
sample  of  customers. 

Such  a  campaign  can  allow  to  clarify  up  which 
phenomena  are  more  disturbing,  up  to  which  level 


improvements  are  necessary,  etc.,  ...  but  it 
requires  a  great  effort  from  the  supplier  and  is  only 
possible  in  “powerful”  utilities. 

Most  disturbing  phenomena 

Which  are  the  most  disturbing  PQ  parameters? 
The  following  statements  are  not  based  on  formal 
results  of  inquires  but  on  the  literature,  the  utilities’ 
opinions,  the  standardization  work  ,  etc.,  ... 

It  seems  that  from  the  view  point  of  the  users,  dips 
and  voltage  interruptions  are  the  most  unaccep¬ 
table  disturbances;  blackouts,  loss  of  production, 
breakdown  of  medical  equipment,  etc.,  ... 

From  the  viewpoint  of  the  utilities  the  harmonics 
problem  is  the  one  which  gives  rise  to  more 
concerns  with  regard  to  a  possible  widespread 
effect  on  various  equipment  types. 

This  does  not  mean  that  the  other  PQ  parameters 
are  not  to  be  considered  but  just  that  they  are 
easier  to  keep  under  control  ,  that  their  levels  are 
not  critical  presently  or  for  the  near  future. 

Power  Quality  contracts 

Utilities  may  offer  to  interested  users  -  e.g.  users 
with  sensitive  applications  -  contracts  which 
guarantee  a  given  level  of  PQ  (more  exactly  of  its 
main  parameters).  For  example,  EdF  has  launched 
such  a  policy  with  the  “Contrat  Emeraude"  which 
addresses  industrial  HV,  MV,  ev.  LV  customers  (the 
latter  above  a  given  power  level).  This  type  of 
contract  gives  guarantee  with  regard  to  frequency 
and  voltage  stability,  dips  and  short  interruptions, 
harmonics,  etc.,  ...  .  For  this  purpose  EdF  has 
developed  a  special  meter  which  on  the  one  hand 
carries  out  the  usual  metering  functions,  on  the 
other  hand  measures  and  records  all  guaranteed 
PQ  parameters.  It  provides  local  reading  and 
remote  communication  to  a  control  center.  Gener¬ 
ally  the  Contrat  Emeraude  corresponds  to  the 
relevant  parts  of  EN  50160  [3],  EdF  offers  also 
more  stringent  contracts. 

Liability  of  the  Utility 

Electricity  has  to  be  considered  as  a  product  and 
this  has  been  specifically  stated  in  the  EU  Directive 
85/374/EWG  -  AH2  on  “Product  liability".  Laws  on 
product  liability  exist  also  in  other  countries  (e.g. 
USA)  and  the  question  arises  how  they  apply  to 
electricity.  This  is  a  complicated  and  delicate  legal 
problem: 

How  to  define  the  quality  of  electricity  from  a 
legal  viewpoint? 

In  Europe  for  example,  CENELEC  EN  50160  [3] 
serves  as  reference  (possibly  only  for  the  para¬ 
meters  for  which  specific  limits  are  defined). 

In  other  countries,  a  law  may  exist  or  a  decree  for 
specifying  requirements  for  the  electricity  supplied 
(probably  limited  only  to  the  main  parameters) 

How  to  proceed  when  the  specified  power 
quality  is  not  met?  For  example,  what  is  the 
liability  of  a  Utility  in  case  of  loss  of  production 
or  in  case  of  disturbed  medical  equipment? 
How  to  judge  if  the  necessary  measures  have 
been  taken,  the  relevant  standards  fulfilled...?? 
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•  Privatization  of  the  Electricity  Supply 

The  question  arises  if  the  present  move  towards  the 
privatization  of  the  electricity  supply  in  Europe  will 
have  consequences  on  the  PQ  level.  This  question 
is  open  for  discussion. 
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1.  INTRODUCTON 

This  paper  describes  the  activities  of  the  European 
Telecommunications  Standards  Institute  (ETSI)  in  the 
field  of  Radiocommunications  and  EMC 
Standardisation.  It  covers  the  purposes  and  organisation 
of  the  Institute,  its  relations  with  other  bodies  involved 
in  the  standardisation  and  regulation  of 
Radiocommunications  and  Electromagnetic 
Compatibility.  The  paper  considers  the  likely  future 
developments  in  this  area. 

2.  WHAT  IS  ETSI? 

ETSI  is  one  of  the  three  European  Standardisation 
organisations  that  are  recognised  by  the  European 
Commission. 

The  objective  of  ETSI  is  to  be  a  regional  standards 
body  sensitive  to  market  needs  with  an  innovative  and 
efficient  approach  to  producing  quality  standards  in  a 
timely  manner. 

2.1  Membership 

ETSI  currently  has  487  Full  Members  and  75 
Observers  coming  from  34  countries  within  the  CEPT 
geographical  region.  ETSI  also  has  47  Associate 
Members  coming  from  13  other  countries  world  wide. 
This  gives  a  total  of  609  members  from  47  Countries. 

ETSI  members  are  Manufacturers  (53  %),  Network 
Operators  (16  %),  Administrations  (10  %),  Users  (6  %) 
and  Research  Bodies,  Service  Providers  and  others 
(15%). 

ETSI’s  membership  composition  is  shown 
graphically  in  figure  1 . 

ETSI’s  membership  includes  25  Full  members 
from  12  Central  and  Eastern  European  Countries, 
including  an  Associate  Member  from  Lithuania. 

ETSI  has  published  a  total  of  2849  deliverables. 
The  number  of  deliverables  produced  annually  continues 
to  increase  exponentially. 
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Operators 


Figure  1:  Composition  of  ETSI  membership 
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Figure  2:  ETSI  annual  production 
2.2  Structure 

In  1996,  ETSI  adopted  a  new  organisation.  The 
aims  of  this  organisation  were  to  increase  the  efficiency 
of  the  standards  making  process  in  order  to  be  able  to 
meet  the  challenges  brought  by  the  changing 
technological  environment  (convergence  of 
technologies)  and  the  trend  towards  deregulation  in  the 
telecommunications  sector. 

The  ETSI  Technical  Organisation  is  divided  into 
Technical  Committees,  which  provide  a  permanent  base 
of  expertise  on  matters  which  are  common  to  a  number 
of  technical  areas,  and  ETSI  Projects,  which  are  formed 
for  the  purpose  of  standardising  a  particular  product, 
and  which  terminate  once  the  standardisation  project  is 
complete. 
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The  currently  active  ETSI  projects  are  shown  in 
figure  2. 

ETSI  Projects 
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Figure  2:  ETSI  Projects 

The  ETSI  Projects  relevant  to 
Radiocommunications  are:  DECT,  SMG,  BRAN  and 
TETRA. 

The  ETSI  Technical  Committees  are  shown  in 
figure  3. 

Technical  Committees  SES  and  TM  include  some 
radio  aspects.  The  Joint  Technical  Committee  with 
CENELEC  and  the  European  Broadcasting  Union 
(EBU)  also  includes  some  radio  aspects. 

The  principal  committee  for  dealing  with  spectrum 
sharing  and  electromagnetic  compatibility  aspects  of 
ETSI  standards  is  Technical  Committee  ERM.  This 
brings  together  all  EMC  and  radio  spectrum  sharing 
standardisation  to  one  place  within  the  Institute  allowing 
issues  in  this  area  to  be  resolved  in  an  effective  manner. 
The  broad  membership  of  ETSI  puts  it  in  a  unique 
position  to  resolve  the  often  conflicting  demands  of  the 
players  in  the  radiocommunications  arena,  and  to  come 
to  conclusions  on  EMC  and  radio-related  matters  that 
reflect  the  needs  of  all  sectors  of  industry. 

Previously,  EMC  standardisation  had  been  split 
between  committees  dealing  with  radio  and 
telecommunications  standards. 

TC  ERM  is  also  the  place  where  new  technical 
areas  in  the  radiocommunications  field  are  developed. 
When  an  ETSI  Project  concerned  with 
radiocomunications  terminates  its  activities,  the 
responsibility  for  maintenance  of  the  standards  produced 
moves  to  TC  ERM. 
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Figure  3:  ETSI  Technical  Committees 

3.  THE  REGULATORY  ENVIRONMENT 
3.1  The  current  position 

Both  EMC  and  Radiocommunications  are  areas 
which  are  regulated  by  Directives  within  the  European 
Union  (EU)  Member  States.  For  those  areas  where  there 
are  no  EU  Directives,  national  regulations  apply. 
National  regulations  normally  require  type  approval  of 
radio  equipment  and  may  also  require  individual 
operator  licensing.  National  regulations  are  co-ordinated 
through  the  CEPT  European  Radiocommunications 
Committee  (ERC). 

ETSI  has  a  Memorandum  of  Understanding  with 
the  ERC  in  which  ETSI  standards  are  used  for  the  type 
approval  of  radio  communications  equipment  intended 
to  be  put  into  service  within  the  CEPT  countries. 

Frequencies  are  allocated  on  a  global  basis  by  the 
ITU  World  Radio  Conference  (WRC).  European 
positions  are  co-ordinated  through  the  ERC  Conference 
Preparatory  Group  (CPG).  ETSI,  through  the 
Memorandum  of  Understanding,  participates  in  the  CPG 
to  advise  on  trends  in  the  radiocommunications  industry 
in  Europe  as  an  input  to  ensure  the  long-term  availability 
of  the  spectrum  necessary  for  radiocommunications 
services. 
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Within  the  European  Union,  all  electrical  or 
electronic  equipment  is  required  to  meet  the  EMC 
Directive  [1]  before  being  placed  on  the  market. 
Telecommunication  Terminal  Equipment  (TTE)  and 
Satellite  Earth  Station  (SES)  equipment  are  also 
required  to  meet  the  relevant  Directive  [2]  and  [3] 
(recently  replaced  by  [4]),  both  of  which  define  essential 
requirements  related  to  EMC  and  effective  use  of  the 
radio  spectrum. 

The  application  of  these  three  Directives  is  based 
on  Harmonised  Standards,  which  allow  a  manufacturer 
to  construct  his  equipment  and  benefit  from  a 
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presumption  of  conformity  with  the  Directives  and  free 
movement  of  his  goods  throughout  the  EU.  ETSI  is 
mandated  by  the  EU  to  develop  these  Harmonised 
Standards. 

To  date,  ETSI  has  published  44  Harmonised 
standards  on  EMC.  12  draft  Harmonised  Standards  on 
EMC  are  on  Public  Enquiry  or  Vote  and  1 1  drafts  are  at 
pre-Public  Enquiry  stage. 

ETSI  has  also  published  32  Harmonised  Standards 
under  the  TTE  and  SES  Directives  (TBRs),  of  which  1 8 
are  in  the  radiocommunications  sector.  7  drafts  are  in  a 
in  a  pre-publication  phase,  of  which  5  are  radio 
equipment. 

3.2  Future  legislative  trends 

A  draft  Directive  on  Connected  Terminal 
Equipment  (also  known  as  the  Radio  and 
Telecommunication  Equipment  (R&TTE)  Directive) 
under  discussion  within  the  EU  and  is  predicted  to 
become  mandatory  around  1st  January  2000. 

This  Directive  is  predicted  to  cover  all 
radiocommunications  equipment,  as  well  as  all 
equipment  intended  for  connection  to  the  Public 
Switched  Telecommunications  Network  (PSTN). 

The  new  Directive  is  predicted  to  include  the 
essential  requirements  currently  covered  under  the  EMC 
Directive  and  the  TTE  and  SES  Directives.  It  is 
predicted  to  put  a  greater  emphasis  on  declarations  by 
manufacturers  against  Harmonised  Standards,  reducing 
the  requirements  for  type  approval  prior  to  entry  on  to 
the  market. 

In  this  environment,  ETSI  expects  to  develop  the 
necessary  deliverables  to  allow  manufacturers  to 
demonstrate  compliance  to  the  essential  requirements  of 
the  Directive  in  a  time  frame  which  is  suitable  for  the 
modem  telecommunications  market. 

4.  ETSI’S  ACTIVITIES  IN 
RADIOCOMMUNICATIONS 

4.1  ERMES 

The  Enhanced  Radio  Message  System  (ERMES) 
paging  standard  [5]  developed  by  ETSI  specify  a  high 
speed  paging  system  with  an  ability  for  international 
roaming.  Basic  features  standardised  allow  for  simple 
“tone  only”  pagers,  numeric,  alphanumeric  or 
“transparent  data”  pagers  used  for  data  transfer. 

The  standardised  solution  allows  for  individual 
and/or  group  calls,  call  diversion  and  a  Universal 
Computer  Protocol  (UCP)  for  software  access.  It 
operates  in  Europe  on  a  harmonised  frequency  band 
(169.4  MHz  to  169.8  MHz)  with  a  16-channel  scanning 
system  that  facilitates  cross-border  roaming. 

Work  on  a  two-way  facility  is  currently  underway, 
which  will  allow  a  further  increase  in  traffic  capacity 
coupled  with  the  possibility  for  extended  functionality. 


4.2  GSM 

Standardisation  of  the  Global  System  for  Mobile 
communication  (GSM)  started  in  1984  in  CEPT  before 
the  foundation  of  ETSI.  GSM  is  now  established  as  a 
global  cellular  telephone  system  with  233  networks  on 
air  in  105  countries  /  areas  at  the  end  of  1997. 

GSM  has  been  developed  using  a  phased  approach. 
Phase  1  offered  basic  services,  which  is  being  taken  over 
by  Phase  2  systems. 

The  modular  approach  is  developed  to  allow  a 
smooth  migration  path  to  third  generation  systems.  GSM 
Phase  2+  is  currently  being  developed,  allowing  circuit 
switched  data  services  up  to  64  kbit/s,  general  packet 
radio  services,  dual  mode  operation  (GSM/DECT, 
GSM/DCS  1800,  GSM/Mobile  Satellite  Services 
(MSS),  integration  of  intelligent  network  aspects, 
optimised  routing  of  calls  when  roaming  and  both  half¬ 
rate  and  enhanced  full-rate  voice  codecs. 

4.3  UMTS 

The  Universal  Mobile  Telecommunications  System 
(UMTS)  is  the  ETSI  third-generation  wireless 
communication  system  to  meet  the  International 
Telecommunications  Union  (ITU)  requirements  of  the 
IMT-2000. 

UMTS  is  targeted  at  providing  globally  available 
personalised  and  high  quality  mobile  communication 
services.  Its  objectives  include:  integration  of 
residential,  office  and  cellular  services  into  a  single 
system  and  one-use  equipment;  speech  and  service 
quality  at  least  comparable  to  current  fixed  networks; 
service  capability  up  to  multimedia;  separation  of 
service  provision  and  network  operation;  UMTS  user 
numbers  independent  of  network  or  service  provider;  the 
capacity  and  capability  to  serve  over  50  %  of  the 
population;  seamless  and  global  radio  coverage  and 
radio  bearer  capabilities  up  to  144  kbit/s  and  further  to 
2  Mbit/s. 

The  ETSI  system  is  based  on  GSM.  Trials  are 
expected  to  be  made  around  the  turn  of  the  century,  with 
system  introduction  planned  for  around  2002.  The  fact 
that  the  system  is  being  developed  from  GSM  will  allow 
a  smooth  introduction  of  new  services. 

4.4  DECT 

The  Digital  Enhanced  Cordless 
Telecommunications  (DECT)  standards  developed  by 
ETSI  specify  a  cordless  telephone  system,  the 
performance  of  which  greatly  exceeds  that  of  previous 
systems  (such  as  CT1,  CT1+  and  CT2).  This  is 
especially  true  regarding  security  aspects  such  as  illegal 
interception  of  the  radio  link  and  protection  of  the  use  of 
the  radio  by  unauthorised  third  parties.  An  overview  of 
DECT  standardisation  is  given  in  [6]. 

As  well  as  providing  for  domestic  and  business 
cordless  telephony  applications,  DECT  is  ideally  suited 
to  providing  mobility  services  in  urban  areas  with  two- 
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way  calling,  roaming,  seamless  hand-over  and  the 
possibility  of  encryption.  The  automatic  frequency 
selection  capability  of  DECT  makes  it  simple  to  install 
without  the  need  for  a  priori  frequency  planning. 

DECT  also  provides  an  effective  solution  for 
Radio  in  the  Local  Loop  (RLL)  applications.  The  wired 
local  loop  is  traditionally  the  “weak  link”  in 
telecommunications  network  provision,  as  its  installation 
cost  is  very  high  and  its  use  is  low.  It  is  expensive  to 
upgrade  and  is  often  not  suitable  for  modem,  high 
bandwidth  communications. 

DECT  in  the  Local  Loop  provides  a  flexible,  easy 
to  install  alternative  to  wired  local  loop  connection.  In 
addition  to  the  general  benefits  of  using  radio  in  the 
local  loop,  it  offers  the  user  local  mobility,  privacy  and 
the  capability  to  connect  to  ISDN. 

4.5  TETRA 

Terrestrial  Trunked  Radio  (TETRA)  is  a  pan- 
European  mobile  radio  system  providing  services  for 
professional  users. 

Initially  developed  to  meet  the  demands  of 
emergency  services,  utilities  and  private  corporations 
with  large  fleets,  it  offers  a  broad  range  of  facilities  for 
professional  communications.  Such  applications  require 
full  availability  of  a  network  that  can  be  extended  in  an 
ad-hoc  fashion  in  emergency  situations.  Also  required 
are  security  of  information  and  authentication  of  users 
with  capability  for  group  call  and  direct  mode  operation. 

Facilities  of  TETRA  include  dynamic  group  call, 
fast  call  set  up  and  a  range  of  security  options  including 
end  to  end  encryption.  Specific  options  include  Direct 
Mode  Operation  (DMO),  allowing  mobile  users  to 
communicate  in  regions  outside  of  network  coverage, 
and  Dual  Watch,  in  which  the  users  operating  in  direct 
mode  can  be  accessed  by  the  network  when  they  enter 
the  coverage  area. 

TETRA  provides  four  TDMA  channels  in  a  25 
kHz  bandwidth.  In  its  Voice  +  Data  application,  it 
provides  bandwidth  on  demand  up  to  28,8  kbit/s  in 
circuit  mode  as  well  as  proving  capability  for  packet¬ 
mode  data,  and  short  message  data. 

TETRA  also  provides  a  mobile  repeater  and 
gateway  functions,  enabling  the  user  to  extend  network 
coverage  as  required  and  give  greater  reliability  and 
security. 

Further  information  about  TETRA  can  be  found  in 
[7]- 

4.6  Satellite  Earth  Stations 

ETSI  has  developed  standards  for  Very  Small 
Aperture  terminals  (VSAT),  satellite  News  Gathering 
(SNG)  and  Satellite  Personal  Communications  Networks 
(S-PCN)  that  define  the  essential  requirements  under  the 
Satellite  Earth  Station  Directive  [3]. 


In  1998  the  Technical  Committee  SES  will  focus 
on  other  standardisation  activities  covering  the 
interworking  with  terrestrial  networks,  in  particular 
GSM.  This  activity  will  cover  the  Common  Air  Interface 
between  Geostationary  Satellite  and  the  core  network  of 
GSM.  The  standardisation  work  will  be  carried  in  co¬ 
operation  with  ETSI  SMG. 

In  1998  the  Technical  Committee  SES  will  start 
the  standardization  work  on  the  Satellite  Component  of 
UMTS,  in  co-operation  with  GSM. 

The  standardization  of  Broadband  Satellite 
Multimedia  Terminals  using  all  types  of  orbits  and 
different  frequency  bands,  will  start  in  1999,  following 
the  decisions  achieved  in  WRC  97. 

Prior  the  standardization  process,  the  Technical 
Committee  SES  will  conduct  a  survey  in  2  Phases  of  the 
Broadband  Satellite  Multimedia  environment. 

Phase  1  for  the  description  of  the  situation,  and  an 
overlook  of  all  the  Market  Players.  Phase  2  for  the 
survey  of  the  standardization  objectives  which  are 
acceptable  by  the  Market  players. 

4.7  Digital  Broadcasting 

In  co-operation  with  the  European  Broadcasting 
Union  (EBU)  and  CENELEC,  ETSI  has  developed  a 
series  of  standards  and  reports  on  Digital  Video 
Broadcasting  (DVB).  A  compete  listing  can  be  found  in 
[8], 

Standards  cover  baseband  processing  (based  in  the 
ISO/IEC  MPEG-2  standards  [9],  transmission  via 
satellite,  terrestrial  radio  or  cable  links,  conditional 
access  systems  and  interactive  services. 

4.  RELATIONSHIP  WITH  OTHER  BODIES 

In  the  field  of  EMC  and  radio  spectrum  matters, 
ETSI  has  co-operation  agreements  with  IEC  and 
CENELEC  and  is  an  observer  to  CISPR. 

ETSI  develops  standards  in  co-operation  with  IEC 
for  maritime  radiocommunications  forming  part  of  the 
Global  Maritime  Distress  and  Safety  System  (GMDSS). 

ETSI  is  currently  develops  standards  for  ground- 
based  aeronautical  radio,  and  is  in  discussions  with 
EUROCAE  and  EUROCONTROL  on  the  way  forward 
for  standardisation  of  airborne  radio  equipment. 

6.  CONCLUSIONS 

ETSI  is  active  in  all  areas  of  aeronautical,  maritime 
and  terrestrial  radiocommunications  and  EMC, 
developing  standards  for  the  global  market  place. 

ETSI  is  an  innovative  and  market-driven  partner  in 
world-wide  standardisation  open  to  all 
telecommunications  players  from  around  the  globe. 
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The  approach  and  new  formula  for  short 
distance  propagation  loss  estimation  are  described  in 
this  paper.  This  formula  was  created  due  to  geometric 
approach  to  exchange  of  energy  between  transmitting 
and  receiving  antennas  on  short  distances,  include  near 
-  field  zone.  Formula  gives  valid  results  in  range  of 
distances  from  0  and  it  can  used  for  loss  estimation 
(“worst  event")  in  tasks  of  EMC  on  one  mobile  object, 
tower  or  roof. 


1.  INTRODUCTION 

Short  distances  propagation  loss  estimation  is 
often  necessary  in  problems  of  EMC  of  radio  means, 
especially  in  local  groups,  for  example  on  mobile  object 
(aircraft,  ship),  on  tower  or  roof.  But  using  of  near  field 
equations  of  wave  theory  is  too  hard  because  of  their 
complexity. 

Usually  they  used  empirical  formulas,  based  on 
simple  formula  for  free  space  [1] 


167t*R2 


(i.i) 


where:  L  is  propagation  loss, 

P,  is  radiated  power  at  the  input  of  transmitting 
antenna  (TA), 

P2  is  received  power  at  the  output  of  receiving 
antenna  (RA), 

R  is  distance  between  the  TA  and  RA, 

X  is  wavelength, 

D,  is  gain  of  transmitting  antenna  in  the 
direction  to  RA, 

D2  is  gain  of  receiving  antenna  in  the  direction 

to  TA. 

Example  of  similar  formulas  is  in  [2]: 


where  f  is  a  frequency  and  Sa  is  additional  factor  on  the 
length  of  antenna  in  dB. 

Empirical  formula  (1.2)  is  recommended  for 
couple  of  antennas  on  the  line  of  sight  on  the  board  of 
aircraft.  Similar  formula  is  in  [3].  The  main  feature  of 
all  listed  above  models  is  that  they  can’s  give  correct 
result  when  R  -*  0.  For  example,  when  R=0  we  have 
L=0.  It  can  mean  that  P,=0,  i.e.  transmitter  does  not 
radiate,  but  it  is  impossible.  It  can  mean  that  P2=co,  i.e. 
receiver  receives  endless  power.  It  is  impossible  too. 
The  problem  it  to  create  a  model  which  give  the 
mathematically  and  physically  correct  result  by  any 
short  distances  include  zero. 

2.  GEOMETRIC  APPROACH  AND  NEW  FORMULA 

Usually  they  define  R  as  a  distance  between 
electrical  centers  of  antennas  [1,2,3}.  We  propose  to 
define  R  as  a  distance  between  the  center  of  TA  and  the 
absorption  cross  section  of  RA  represented  as  a 
segment  of  sphere. 

Fig.  1  shows  the  performance  of  geometric 
approach.  We  propose  to  perform  the  TA  as  a  radiating 
point.  The  point  of  RA  is  in  the  center  of  circle,  which 
arise  at  the  founding  of  a  segment  of  sphere.  The  radius 
of  the  sphere  is  R.  The  square  of  the  segment  is  equal  to 
absorption  cross  section  of  RA  [1]: 


S,  = 


d£ 

4tt 


(2.1) 


We  have  to  take  into  account  D,  and  equal 
cross  section  will  be: 


S.  = 


W 

4n 


(2.2) 


L[dB]=  201og  f  [MHz]  +  201og  [m]  -  28  +Sa,  (1 .2) 


We  represent  this  cross  section  as  a  segment  of 
a  sphere  with  the  center  in  the  point  of  TA. 
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Real  distance  between  TA  and  RA  is  r.  When 
R»X  (far  zone),  R  =  r  and  the  segment  practically  is  a 
circle  -  Fig.  1 ,  a.  At  the  short  distances  R  *  r,  look  Fig.  1 
b,  c. 

So,  the  real  distance  between  antennas  r  from 
TA  to  RA  is  less  than  R  The  difference  is  the  height  of 
segment  of  sphere.  Our  task  is  to  have  the  meaning  of 
R.  Geometry  of  the  task  is  shown  on  Fig.2. 


Fig.  1,  Performance  of  geometric  approach 


Fig.  2.  Geometry  of  the  task. 

On  Fig.2  r2e  is  a  radius  of  the  founding  of 
segment,  h  is  the  height  of  segment.  So, 


R=VrJ  +  rL,  (2.3) 


r.  =  VRJ-(R-h)J.  (2.4) 


With  accordance  with  formula  for  height  of 
segment  of  sphere 


h  = 


Sic 

2tiR  ‘ 


(2.5) 


Formulas  (2.3),  (2.4)  with  formulas  (2.5) 
and  (2.2)  after  changes  give  us 


:  D,Di\ 

R  -  Rr  - 2 —  =  0 . 

in 


(2.6) 


From  this  square  equation  we  can  have: 


R  = 


+ 


P.P^ 

in 


(2.7) 


So,  we  have  to  use  formula  (1.1),  where  the 
meaning  of  R  we  may  have  from  formula  (2.7).  There  r 
is  a  real  distance  between  TA  and  RA. 

3.  CALCULATION  OF  LOSS 

Results  of  calculations  accordance  with 
formulas  (1.1)  and  (2.7)  are  shown  on  Fig.3  (for  D,=l, 
D2=l)  and  Fig.4  (for  different  D„D2). 


L,dB 


Fig.3.  Results  of  calculations  for  D,=1,D2=1 

-  formulas  (1.1)  and  (2.7) 

.  formula  (1.1)  with  R=r 

Results  show  us,  that  for  r=0  the  meaning  of  L 
is  3dB  (2).  For  r  >  X  formulas  (1.1),  (2.7)  give  us  the 
same  result  that  formula  (1.1)  with  R=  r,  i.e.  for  far 
distances  all  models  are  the  same.  The  increasing  of 
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antennas  gains  leads  to  reducing  of  the  loss,  but  at  r  =  0 
L  is  3dB  always.  This  effect  can  be  explain  so,  that  at 
r  =  0  we  have  electrical  connection  of  antennas. 


L,dB 


Fig.  4.  Results  of  culculations  for  different 
D,  and  D2 

-  formulas  (1.1)  and  2.7) 

.  formula  (1.1)  with  R=r 

Really,  antennas  "joined"  and  we  have  one 
antenna.  Output  of  transmitter  is  connected  to  this 
united  antenna  and  to  input  of  receiver  directly  at  the 
same  time.  Then  naturally  a  half  of  power  moves  into 
the  receiver  and  a  half  of  power  radiates. 

4.  CONCLUSIONS 

After  calculation  accordance  formula  (1.1)  and 
formula  (2.7)  we  can  do  following  conclusions: 

1.  Distance  R  can’t  be  equal  0  and  result  of 
(1.1)  and  (2.7)  always  will  be  mathematically  correct.  It 
is  very  important  for  computer  calculations. 

2.  Formula  can  give  physically  correct  result 
for  real  distance  r=[0,oo).  For  example,  when  r=0, 
L=2  (3dB).  It  means  that  a  half  of  power  moves  into  a 
receiver  and  a  half  radiates.  It  is  correct  if  transmitting 
and  receiving  antennas  "joined"  each  with  other  into 
single  antenna. 


3.  When  r>X  the  results  of  calculation 
accordance  to  formulas  (1.1)  with  (2.7)  and  (1.1)  with 
R=r. 

4.  It  is  obvious,  that  formulas  (1.1)  with  (2.7) 
gives  us  the  lowest  border  of  loss,  when  we  does  not 
take  into  account  complex  coupling  of  antennas.  But 
lowest  border  is  needed  in  EMC-calculations  often, 
because  it  is  the  "worst"  event  for  EMC. 

5.  Coupling  of  antennas  we  can  take  into 
account  by  meanings  of  D,  and  D2. 

We  can't  use  new  formula  when  sizes  of 
antennas  much  more  than  X,  because  we  propose,  that 
antenna  is  a  point. 
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Abstract  —  The  peculiarities  of  electro¬ 
magnetic  wave  scattering  at  higher  harmon¬ 
ics  by  the  system  of  crossed  oscillators  and 
statistical  system  of  nonlinear  scatters  are 
considered.  The  behavior  of  the  back  scat¬ 
tering  field  at  the  double  frequency  on  the 
distance  between  half-wave  dipoles  and  loca¬ 
tion  of  the  load  in  them  has  studied.  Some 
polarization  features  of  the  field  scattered  at 
the  higher  harmonics  which  are  absent  in  the 
field  scattered  at  the  fundamental  frequency 
are  discussed.  The  analysis  have  shown  that 
the  difference  in  the  mean  noise  at  the  odd 
and  even  harmonics  is  considerable. 

1.  INTRODUCTION 

The  wide  application  of  radio  aids  im¬ 
poses  rigorous  requirement  on  the  use  of  the 
radio  range.  The  problem  of  overcrowded 
and  contaminated  state  of  the  air  is  drama¬ 
tized  by  increasing  noise  of  different  origins. 
Among  the  noise  sources  is  the  contact  noise 
due  to  radio  wave  scattering  by  mechanical 
structures  with  nonlinear  insertions  (screw 
joints  of  case  panels,  places  of  antenna  junc¬ 
tions  and  mounting,  contacts  of  different 
metals,  etc.).  It  should  be  noted,  that  the 
presence  of  such  “internal”  nonlinearities  can 
be  not  only  a  reason  of  a  high  interference 
level  at  the  radio  reception  but  also  may  have 
as  well  a  useful  application,  for  example,  the 
detection  of  hidden  effects  in  industrial  prod¬ 
ucts. 


The  present  paper  deals  with  the  inves¬ 
tigation  of  the  peculiarities  of  electromag¬ 
netic  wave  scattering  at  higher  harmonics  by 
different  system  of  thin  metallic  oscillators 
with  a  nonlinear  local  load  placed  in  the  free 
space.  Below  we  consider  the  system  of  cros¬ 
sed  oscillators  and  statistical  system  of  non¬ 
linear  scatterers.  The  scattering  of  electro¬ 
magnetic  waves  by  simple  systems  containing 
two  or  four  parallel  thin  metallic  dipoles  with 
a  nonlinear  element  has  been  studied  in  [1], 
The  obtained  results  has  shown  the  existing  a 
dependence  of  the  scattered  field  on  the  dis¬ 
tance  between  separate  interference  sources 
and  particularly  on  the  location  of  nonlin¬ 
ear  insertion  in  them.  One  more  convenient 
physical  model  to  describe  real  nonlinear  ob¬ 
jects,  permitting  to  solve  the  problem  in  an¬ 
alytical  form,  is  a  system  of  crossed  oscilla¬ 
tors  [2],  As  its  nonlinear  load  (NL)  we  used 
to  a  semiconductor  diode. 

2.  SCATTERING  BY  A  SYSTEM 
OF  ORTHOGONAL  (CROSSED) 
OSCILLATORS 

Let  an  electromagnetic  wave  of  a  circular 
polarization  be  incident  on  a  system  of  two 
half-wave  dipoles  with  NL  disposed  in  mu¬ 
tually  orthogonal  planes.  It  is  evident  this 
polarization  of  the  incident  wave  gives  the 
maximum  amplitude  of  the  scattered  field. 
The  geometry  of  the  problem  is  represented 
in  Fig.  1. 
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Fig.  1.  (ieomelry  of  the  problem 

Here  we  consider  the  steady-state  regime  of 
the  scattering  (the  time  dependence  is  as¬ 
sumed  to  be  in  the  form  cxp(-j-iwt))  in  the 
approximation  of  weak  nonlinearity,  that 
permits  us  in  the  spectrum  field  representa¬ 
tion  restrict  ourselves  by  the  account  of  only 
the  second  harmonic,  because  as  it.  is  known, 
in  the  case  of  semiconductor  contact  a  max¬ 
imum  intensity  has  a  spectral  component,  at, 
frequency  2uC.  The  volt-ampere  characteris¬ 
tic  of  semiconductor  diode  is  approximated 
for  rather  small  values  V  by  the  following 
expression:  /  ~  (V  +  ftV'2)/Ru,  where  /  is 
the  diode  current,,  V  is  its  voltage,  Ro  is  the 
initial  diode  resistance  (at  V  =  0),  ft  is  the 
nonlinearity  coefficient,.  The  electrical  circuit 
of  t  he  diode  connection  in  the  scatterer  has 
been  given  in  detail  in  [3].  The  current,  at  sec¬ 
ond  harmonics  is  excited  due  to  the  lumped 
E.M.F.  caused  by  the  presence  of  the  local 
nonlinear  load  (more  detail  see  in  [3]): 

=  (•=  =  *>)  (i) 

here  =  /?0/(l  +  iNu,'cR0)  is  the  load 
impedance  (N  =  l  or  2),  l^iz)  is  the  NL 
current  at  fundamental  frequency  ua 

A  procedure  to  get  the  current  expres¬ 
sions  has  been  described  in  det  ail  for  t  he  case 
of  a  weak  nonlinearity  in  [3].  The  electro¬ 
magnetic  field  scattered  at  the  frequency  2u? 
is  represented  by  the  sum  of  the  emission 
fields  created  by  the  dipoles  currents.  Be¬ 
low,  for  simplicity,  we  give  only  the  final  ex¬ 
pression  for  a  back  scattered  field  at,  a  double 
frequency  in  the  case  of  central  disposed  of 
NL  (~u  =  0,  *«  =  ()): 
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where 


/'ii  =  V-!'2  +  ?y2  +  (z  +  02- 

7-12  =  yj-x1  +  IJ1  +  {=-  /)2, 

/ 2 1  =  \J \y  ~  d)z  +  z2  +  (,r  +  l)  , 

/' 22  -  \/{y  —  d)2  +  c)2  +  (.r  —  l)2 , 


/’o  =  \f  J'2  +  y2  +  ~ 2 


/’oo  =  V-/'2  +  {y  ~  d)2  +  r2; 


Indices  (1),  (2)  refer  to  the  first  and  second 
dipoles,  respectively,  d  is  the  distance  be¬ 
tween  dipoles,  a  is  t  he  radius  ol  the  wire.  2/  is 
the  length  od  the  dipoles.  The  first  dipole  is 
located  along  the  c-axis.  the  second  —  along 
the  .r-axis. 

Formulas  (2)  have  been  used  to  calculate 
the  electric  field  component,  in  t  he  plane 
(;r ,y)  at,  an  angle  of  45°  to  axis  x  as  de¬ 
pendent-  on  distance  d  (do  is  also  equal  to 
45°).  Fig.  2a  (.r0  =  z0  =  0)  and  Fig.  2b 
( xq  =  z0  =  0.125A)  show  the  dependencies  of 
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the  back  scattered  field  |E2u,(d)|  at  the  ob¬ 
servational  point  .r/ A  =  z/X  —  0.25, ;// A  = 
10.  «/A  =  1.5  - 


Fig. 2.  Dependencies  of  the  back  scattered 
field  at  the  double  frequency  versus  d 

Those  dependencies  have  a  periodical  charac¬ 
ter  with  period  T,\f  A  =  0.125.  As  expected, 
for  a  plane- polarized  wave  incident  under  an¬ 
gles  =  0  or  =  7r/2  the  dependence  of 
the  back-scattered  field  on  distance  d  has  a 
quasi  monotone  character. 

From  this  expression  at  the  observation 
point  .v  =  -  =  0,  y  /  0  (for  y  >  max{d,  /} 
and  (po  =  45°)  we  have  for  a  radial  compo¬ 
nent  of  the  electromagnetic  field  at  the  dou¬ 
ble  frequency  the  following  simple  expression 
(r°  —  x°cos(p>  +  z0sini^) 

1 1)\'2 

I  Er \2  —  —7“  (1  —  si  11  2p  cos  4 kd)  ( 3 ) 

y 


where  D  =  —  - 


«„ln(2  kaHS-fk1' 


-.  The  cha¬ 


nge*  of  polarity  of  one  of  dipoles  leads  to  the 
change  of  sign  in  the  round  bracked, s  of  for¬ 
mula  (3). 

It  should  be  noted  that  when  an  electro¬ 


magnetic  wave  is  incident  on  a  system  of  two 
crossed  dipoles  containing  NL  we  may  ob¬ 
served  new  polarization  effects  at  sec¬ 
ond  harmonic  which  are  absent  at  the  fun¬ 


damental  frequency.  It  will  be  remembered 
that  the  polarization  diagram  is  the  depen¬ 
dence  of  received  power  on  angle  p  when  the 
polarization  plane  of  a  linear  receiving  an¬ 
tenna  is  rotated.  Let  the  initial  position  of 
the  polarization  plane  of  the  incident  wave  be 
vert  ical,  then  as  it  follows  from  (4)  the  polar¬ 
ization  of  the  received  signal  at  frequency 


changes  from  vertical  (d  =  0)  to  elliptic  one 
(r/i/Ao  =  1/32)  then  circular  (d2/ Au  =  1  / 16). 
elliptic  with  another  ellipse  slope  (r/3/A0  = 
3/32),  horizontal  (at  d\/ Au  =  1/8)  and  so  on. 
Hence,  from  (4)  it  follows  that  in  a  period 
of  Td  —  Ao/4  the  polarizations  recurs  com¬ 
pletely.  The  change  of  the  diode  polarity,  as 
it  has  been  already  mentioned,  changes  the 
polarization  type  to  the  opposite  one  (for  ex¬ 
ample,  the  vertical  to  the  horizontal),  the 
fundamental  frequency.  Therefore,  in  this 
case  it  is  possible  to  produce  the  preassigned 
polarization  if  the  signal  at  the  double  fre¬ 
quency  using  dipole  space  diversity  and  di¬ 
rectivity  of  NL.  Fig.  3  shows  the  dependen¬ 
cies  of  the  scattered  field  at  double  frequency 
on  the  azimuthal  angle  <j>  for  the  different  val¬ 
ues  of  the  distance  d.  between  dipoles.  So  the 
theoretical  results  has  a  good  experimental 
confirmation. 


Fig. 3.  Dependencies  of  the  field  intensity 
at  the  double  frequency  versus  <p 


3.  STATISTICAL  SYSTEM  OF 
NONLINEAR  SCATTERERS 

Here  consider  more  realistic  and  compli¬ 
cate  case  of  the  scattering  of  higher  harmon¬ 
ics  by  a  statistical  system  of  N  identical  sim¬ 
ple  nonlinear  scattcrers  (NS)  when  a  mono¬ 
chromatic  electromagnetic  wave  of  frequency 
u.*  is  incident  upon  them.  Assume  that  each  h 
NS  has  an  isotropic  scattering  diagram.  The 
NS  are  arranged  randomly  in  two-dimensio¬ 
nal  space  with  characteristic  length  /,  <  R. 
where  R  is  the  distance  from  the  center  of 
gravity  of  the  system  to  the  reception  point. 
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The  wave  scattering  by  conventional  NS, 
such  as  a  half-wave  dipoles  using  diodes  as 
nonlinear  load,  is  rather  specific.  The  point 
is  that  the  phase  of  the  scattered  signal,  if 
the  latter  is  a  nonlinear  product  of  even  or¬ 
der,  will  depend  on  the  switching  direction 
of  the  nonlinear  element  of  NS  [4].  As  men¬ 
tioned  earlier  (in  section  2)  the  scattering  sig¬ 
nal  phase  is  changed  by  7 r  by  reversal  of  the 
nonlinear  load  switching  direction.  The  anal¬ 
ysis  shows  that  the  difference  in  the  mean 
noise  at  the  odd  and  even  harmonics  is  con¬ 
siderable.  The  investigation  of  system  of  ran¬ 
domly  placed  NS  show  also  that  the  electric 
length  of  this  system  (for  even  higher  har¬ 
monics)  as  well  as  the  positions  of  its  phase 
center  is  determined  not  only  by  the  system 
geometry,  but  also  by  the  direction  of  diode 
connection  into  NS.  This  analysis  makes  it 
possible  to  conclude  that  there  exist  situa¬ 
tions  when  the  mean  by  realizations  (or  the 
system  sounding  angle)  scattering  cross-sec¬ 
tion  at  higher  harmonics  of  the  system  de¬ 
creases  with  reduction  of  the  size  of  an  area 
occupied  by  the  system.  This  is  a  result  of 
the  presence  of  opposite  oriented  NS  in  the 
system.  It  is  note,  that  in  the  linear  case  the 
signal  vanishing  with  the  system  contraction 
is  possible  only  due  to  the  anisotropy  of  its 
back  scattering  diagram. 

4.  CONCLUSION 

An  essential  new  moment  (describing  in 
the  section  2)  is  the  fact  that  the  polariza¬ 
tion  diagram  of  the  signal  at  the  double  fre¬ 
quency  depends  on  the  spatial  configuration 
of  dipoles  (distance  d)  and  in  this  way  it 
may  differ  from  the  polarization  of  the  in¬ 
cident  field  at  fundamental  frequency.  Thus, 
the  analysis  shows  that  the  difference  in  the 
mean  noise  at  the  odd  and  even  harmonics  is 
considerable  in  the  case  of  extended  sets  of 
NS  as  well  as  the  NS  are  arranged  in  deter¬ 
minate  fashion.  In  the  latter  case,  the  level 
of  nonlinear  products  can  be  reduced  by  ap¬ 
propriate  arrangement  of  their  sources. 

This  work  is  supported  by  RFFI  under 
grant  No  96-02-18570 
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The  subject  of  this  paper  is  the  influence  of  an 
adaptive  antenna  aspect  on  emc  condition  of  a  mobile 
telecommunication.  The  results  of  directivity  properties 
investigations  of  an  adaptive  circular  array  are 
presented.  First,  the  problem  of  interference  effects 
reduction  in  aspect  to  mobile  communication  is 
introduced.  The  multi-beam  circular  adaptive  array  is 
described.  Next,  the  theoretical  investigations  obtained 
results  of  dependences  between  directivity  properties 
and  structural  parameters  of  the  adaptive  circular 
array  are  presented.  The  researches  carried  out  show 
that  the  optimal  from  emc  condition  of  a  mobile  radio 
link  point  of  view  value  of  the  spacing  between  antenna 
sensor  elements  is  between  from  0.5  to  0.75 
wavelenght. 

1.  INTRODUCTION 

The  cellular  networks  to  realize  a  land  wirelles 
communication  are  very  modem  form  of  the  mobile 
telecommunication  systems.  A  radio  link  is  a  main 
element  of  each  mobile  wirelles  system.  The  radio  link 
consists  of  a  base  station  and  a  mobile  unit  between 
which  a  radiowave  propagation  medium  is  existed. 
Antennas  installed  in  both  the  base  station  and  the 
mobile  unit  are  the  interfaces  between  the  propagation 
medium  and  the  base  or  mobil  unit  equipments. 
Properties  of  these  antennas  influence  on 
electromagnetic  compatibility  (emc)  condition  of  the 
mobile  radio  link.  Moreover,  important  questions 
connnected  with  the  emc  condition  of  the  mobile 
cellular  network  are  the  limitation  of  frequency  band 
and  interference  problem  due  to  a  reflection 
phenomena.  These  emc  condition  depend  of  the  follow 
design  parameters  of  the  antennas  [1]: 

-  a  height  of  the  base  station  antenna, 

-  a  lenght  of  the  mobile  unit  antenna, 

-  and  especially,  a  shape  and  mobility  of  these 
antennas  radiation  patterns. 

Taking  into  account  the  structure  and  the  emc 
conditions  of  the  mobile  radio  link,  the  different 
shapes  of  the  antennas  radiation  patterns  are  applied  in 
the  base  station  and  mobile  units.  The  movement  of  the 
mobile  units  requires  to  apply  simple  and  not 
expensive  these  antennas  forms  with  omnidirectional 


radiation  patterns.  But  the  omnidirectional  forms  are 
not  optimal  from  emc  point  of  wiev  because  produce 
high  value  of  an  interference  field,  especially  from  a 
base  station  working  in  high  capacity  cellular  network. 
The  interference  problem  require  to  use  in  the  base 
station  an  antenna  system  with  directional  shape  of 
their  radiation  pattern,  which  can  be  in  two  options: 

-  as  one-beam  radiation  pattern  in  which  the  beam 
iluminates  the  mobile  unit, 

-  as  multi-beams  radiation  pattern  for  multi-channels 
operation. 

The  above  mentioned  radiation  patterns  can  be  realized 
by  sectorized  antennas  with  fixed  beam  or  by  adaptive 
antenna  systems  with  mobile  beams  [2], 

In  this  paper  the  directivity  properties  of  the 
adaptive  base  station  antenna  system  in  circular  form  of 
a  multi-beams  scannig  phased  array  are  analysed.  First, 
the  multi-beams  adaptive  system  short  description  is 
presented.  Next,  the  influence  of  the  circular  array 
form  diameter  and  the  number  of  antenna  sensor 
elements  on  directivity  properties  -  the  values  of  a 
beamwidth  and  a  sidelobe  level  -  of  the  adaptive 
antenna  system  are  discused.  Finally,  properties 
observed  from  emc  conditions  point  of  view  are 
summarized. 

2.  THE  MULTI-BEAMS  ADAPTIVE  SYSTEM 

The  multi-beams  adaptive  antenna  system  consists 
of  a  base  station  controller  with  exchange  radio 
interface  and  circular  array  of  antenna  sensor  elements 
with  adaptive  control  unit.  The  base  station  controller 
coordinates  and  controls  the  operation  of  the  cell  site. 
The  exchange  radio  interface  manages  communication 
between  the  mobile  telephone  switching  centre  and  the 
base  station.  The  adaptive  control  unit  is  used  to 
perform  the  phase  shifting  necessary  to  form  and  steer 
the  forward  radio  channel  beams. 

Often  the  total  number  of  radio  channel  available 
to  a  mobile  telecommunication  system  will  not  provide 
satisfactory  service  based  on  large  coverage  area.  In 
high  capacity  cellular  network  the  number  of  users  can 
be  increased  by  spatial  reuse  of  the  radio  channels. 
But,  if  the  distance  between  the  mobiles  units  is 
reduced  the  co-channel  interferences  increase. 
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The  circular  array  consists  of  identical  antenna 
sensor  elements  equally  spaced  around  a  cylinder  of 
radius  a  -  exemplary  circular  structure  for  eight 
antenna  sensor  elements  is  shown  in  Fig.  1.  The 
typically  spacing  between  antenna  sensor  elements  is 
about  halfwavelenght. 


i-th  channel  operation. 

A  value  of  the  phase  shift  will  be  channel  dependent 
because  the  beam  will  be  positioned  on  the  mobile 
which  is  operating  on  the  channel. 

3.  THE  THEORETICAL  INVESTIGATIONS 

The  directivity  properties  of  the  circular  antenna 
array  were  investigated  at  frequency  value  equals  900 
MHz  by  use  LMS  adaptive  procedure.  The  number  of 
antenna  sensor  elements  changes  from  four  to  thirty 
and  the  circular  array  form  diameter  from  one  to  eight 
wavelenght.  Taking  into  account  the  evolution  of  the 
obtained  radiation  patterns  the  influences  of  the  above 
mentioned  structural  parameters  of  the  antenna  array 
on  the  array  directivity  properties  are  shown  in  Figs. 
2.  In  these  figures  the  sidelobe  levels  and  beamwidths 
versus  the  antenna  array  diameter  for  different  number 
of  antenna  sensor  elements  are  presented. 


Fig.  1.  Antenna  sensors  circular  array 
The  far-field  radiation  pattern  )  can  be 


written  as: 


F(.6,t,)  =  SF(8)-AF(.B,h), 


a)N  =  4 


where: 

£F(e)  -  space  factor,  which  for  typical 

monopole  antenna  elements  is 
described  as: 


AF  (0 , 4>i  )  ■  normalized  array  factor,  which 

for  N  antenna  elements  is 
noticed  as: 


sinjy-[7I-sin(9)-<t,|.]j 

^(e,<j>,.)= - L  (3) 

N  •  sin  j  -  •  [ti  •  sin(0)  -  <j),  ]  \ 


c)  N  =  12 


4>, 


the  linear  phase  shift  between 
adjacent  antenna  elements  for 
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Additionally,  taking  into  account  the  results  presented 
in  Figs  2,  the  values  of  sidelobe  levels  vs.  number  of 
antenna  sensor  elements  for  optimal  emc  condition  of 
investigated  mobile  radio  link  are  presented  in  Fig.  3  - 
the  numbers  in  parenthesis  are  the  antenna  circular 
array  diameter. 


N 


Fig.  3.  The  dependences  of  the  sidelobe  levels  SL  vs. 
number  N  of  antenna  sensor  elements  for 
optimal  emc  conditions 

4.  CONCLUSION 


e)  N  =  20 


SL[dB] 


f)  N  =  25 


SL[dB] 


g)  N  =  30 


Fig.  2.  The  dependences  of  the  sidelobe  levels  SL  and 
beamwidths  B  vs.  the  antenna  array  diameter 
for  different  number  N  of  antenna  sensor 
elements 


The  adaptive  circular  array  with  LMS 
optimization  has  been  tested  theoretically  by  use 
numerical  modelling.  The  researches  carried  out  show 
that  the  optimal  from  emc  condition  of  mobile  radio 
link  point  of  view  value  of  the  spacing  between 
antenna  sensor  elements  is  between  from  0.5  to  0.75 
wavelenght.  The  obtained  results  show  the  usefulness 
of  the  antenna  system  for  base  station  of  the  cellular 
mobile  telecommunication  systems  to  degradation  of 
interference  signals,  especially  to  reduce  the  influence 
of  co-channel  interferences. 
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The  paper  reviews  a  number  of  applications  where 
antenna  characteristics  are  made  to  adopt  dynamically 
to  the  environment.  Somewhat  surprisingly,  perhaps,  it 
is  broadcast  and  communications  rather  than  the 
military  domain  that  has  the  most  wide-ranging 
examples  in  common  use. 

1.  INTRODUCTION 

The  vast  majority  of  antennas  in  use  are  simple, 
passive,  fixed  mechanical  structures  that  have  a  constant 
directional  radiation  pattern.  Where  required,  as  in  most 
radar  systems,  mechanical  rotation  or  sector  scanning  of 
the  antenna  is  used  to  enhance  its  sensing  capabilities 
over  a  wide  range  of  angular  directions.  In  such  systems, 
however,  the  mechanical  control  of  antenna  takes  no 
account  of  the  information  being  obtained,  or 
information  rate.  The  antenna  operates  open  loop, 
controlled  in  fixed  and  predetermined  manner. 

The  first  attempts  to  make  an  antenna  in  any  way 
adopt  to  its  electromagnetic  environment  (EM)  involved 
the  use  of  secondary  antenna.  By  suitably  combining  the 
signals  from  the  two  antennas  in  appropriate  amplitude 
and  phase  [3],  a  variety  modifications  to  the  primary 
antenna  may  be  made.  This  technique  (the  diversity 
reception  method)  has  been  particularly  useful  in  the 
cancellation  of  multipath  signals  on  communication 
links  and  in  producing  a  directional  null  to  cancel 
interference  in  radar  systems. 

Phased  array  antennas  offer  the  possibility  of  much 
greater  flexibility,  however.  Electronic  control  of  the 
amplitude  and  phase  of  signals  in  the  array  elements 
spread  across  the  total  antenna  aperture  allows  near 
instantaneous  change  of  the  antenna  beam  direction  and 
beamwidth.  It  also  allows  control  of  the  sidelobe  pattern 
of  the  antenna,  and  notably  the  direction  of  multiple 
nulls. 


There  exists,  therefore,  the  capability  to  configure 
a  closed  loop  system  in  which  now  the  properties  of  the 
antenna  are  modified  in  response  to  information 
obtained  by  the  antenna  in  such  a  way  as  to  optimize  a 
parameter  such  as  signal-to-interference  plus  noise  ratio 
(SINR).  Such  systems  may  be  thought  of  as  the  first  step 
in  making  antennas  .intelligent”.  New  developments 
which  include  the  application  of  heuristic  reasoning  and 
learning  from  past  experience  in  such  systems  are  bring 
closer  the  concept  of  the  intelligent  antenna. 

2.  PRINCIPLES 

Digital  beam  forming  (DBF)  represents  a  quantum 
step  in  antenna  performance  and  complexity  [1],  The 
approach  preserves  the  total  information  available  at  the 
aperture.  This,  coupled  with  digital  processing,  offers 
tremendous  flexibility. 


Environment  Antenna 

In  the  generic  system  (Fig.  1),  the  digital  processing  has 
been  broken  up  in  two  parts:  the  actual  beamformer, 
which  accepts  the  digitized  element  signals  (x„)  and  the 
weights  (wn)  to  form  the  sum  Zwnx„,  that  constitutes  the 
beam,  and  the  beam  controller  that  determines  the 
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proper  weights.  One  of  the  major  applications  of  DBF  is 
adaptive  pattern  nulling  for  jammer  suppression. 

2.1.  Null  Steering 

Communications  and  radar  antenna  systems  are 
susceptible  to  degradation  in  performance  because  of 
interference  received  through  their  sidelobes.  The 
interference  may  be  deliberate  electronic  counter 
measures,  accidental  RF  interference  (RFI),  clutter 
returns  or  natural  noise  sources.  Typical  interference 
signals  received  by  RF  systems  are  from  point  sources 
radiating  a  coherent  wavefront  for  at  least  the  signal 
gathering  time  of  the  antenna.  The  antenna  operating  in 
its  far  field  will  receive  a  plane  coherent  wavefront.  In 
order  to  prevent  interference  of  this  type  entering 
receiver  it  is  necessary  to  arrange  for  null  in  antenna’s 
polar  response  to  coincide  with  angle  of  incidence.  The 
existence  of  plane  coherent  wavefront  can  be  identified 
through  the  use  of  an  array  of  receiving  elements.  Once 
identified,  the  angle  of  incidence  of  the  signal  can  be 
readily  determined.  The  directional  pattern  of  an  N- 
element  linear  array  may  posses  up  to  (N-l)  independent 
zeros.  There  are  obvious  advantages  in  having  the 
ability  to  independently  steer  the  zeros  in  the  array’s 
directional  pattern  in  order  to  reduce  interference  signals 
normally  received  by  the  sidelobes. 

In  order  to  independently  control  the  angular 
location  of  the  zeros  it  is  necessary  to  control  both  the 
phase  and  amplitude  [3]  of  signals  in  the  feed  system  of 
each  element. 

2.1.1.  Multiple  Nulls 

Schelkunoff  showed  [2]  that  the  directional  pattern 
of  an  N-element  linear  array  may  be  expressed  as 
polynomial  of  order  (N-l).  Hence  for  the  N-element 
linear  array  itself  (without  the  beamformer),  shown  in 
Fig.  1  the  polynomial  is 

D(0)  =  W,  +  W2  z  +  W3  z2  +  ...  +  W N  zH-'=^wkzk-'  (1) 

4=1 

where  z  =  exp  (j27td  sin0  A.),  d  =  element  spacing, 
and  the  phase  reference  is  taken  as  the  first  element  in 
the  array.  The  coefficients  of  the  polynomial  may  be 
complex,  thus  representing  the  amplitude  and  phase 
weighting  of  each  array  element.  Thus: 

Wk=  Ak  exp(j<K)  (2) 

The  polynomial  may  be  factorised  into  (N-l)  roots  and 
each  of  these  represent  a  zero  of  the  polynomial 
D(0)  =  WN(z-b,)  (z-b2)  (z-b3)  ...  (z-bN.,)  (3) 

In  general,  these  roots  are  complex  numbers  and  may 
therefore  be  represented  as  points  in  complex  z-plane. 
Since  z  is  simply  a  phasor,  \z\  -  1 ;  so  roots  located  on 

the  unit  circle  represent  true  zeros  of  the  directional 
pattern  (i.e.  D(0)  =0). 

The  relationship  between  the  zeros,  the  radiation 
pattern  and  the  element  weights  W  is  sometimes  difficult 
to  visualize.  Consider  the  pattern  of  the  uniformly 


illuminated  array  and  assume  that  there  is  a  jammer  in 
the  sidelobe  as  shown  in  Fig.  2. 


Fig.  2.  Effect  of  Moving  One  Zero  on  the  Pattern  of  an 
8-Element  Uniformly  Illuminated  Array 


It  would  be  sensible  to  move  the  zero  closet  to  jammer 
on  to  the  jammer  bearing.  In  z-plane  terms  this  is  easy. 
The  root  bp  corresponding  to  the  closet  zero  is  simply 
replaced  by  Bj,  where 

Bj  =  exp  (j  2-nd  sin0j  /  X)  (4) 

and  0j  is  the  jammer  bearing. 

The  modified  radiation  pattern  can  be  expressed  as 
Dj(0)  =  D(0)  (z-Bj)/ (z-bp)  (5) 

and  it  is  clear  that  the  disturbance  of  the  pattern  is 
mainly  in  the  region  of  the  jammer.  However,  he  effect 
upon  the  element  weights  W  is  quite  complicated  and  it 
will  be  appreciated  that  every  weight  must  be  modified 
in  order  to  achieve  the  new  pattern.  The  situation 
become  more  complicated  if  there  is  more  than  one 
jammer  to  be  dealt  with. 

In  cases  where  interfering  signals  are  received  by  the 
array  from  specific  directions,  multiple  zeros  are  useful 
in  preventing  the  unwanted  signals  entering  the  receiver. 
However,  it  is  not  always  advantageous  to  overlay  nulls 
on  existing  nulls.  Superior  performance  can  often  be 
achieved  by  locating  zeros  between  existing  ones, 
especially  when  signals  with  a  wide  bandwidth  are  being 
received. 

Many  null  steering  applications  are  limited  to  systems 
where  it  is  possible  to  derive  a  feedback  signal  to  verify 
the  locations  of  the  nulls.  Such  a  system  may  use  an 
operator  to  apply  the  necessary  corrections  or  processor 
designed  to  automatically  steer  nulls.  Such  systems  are 
termed  adaptive. 

2.1.2.  Adaptive  Null  Steering 

A  major  disadvantage  of  the  open-loop  null  steering 
arrays  is  that  the  angular  locations  and  depth  of  the  nulls 
is  extremely  sensitive  to  phase  and  amplitude  errors  in 
the  power  splitting  networks.  In  order  to  avoid  this 
limitation,  an  automatic  control  system  is  required  which 
steers  zeros  in  desired  directions  and  which  compensates 
for  any  errors  due  to  tolerances  in  the  array  construction 
or  due  to  mutual  coupling  effects  [2], 

Data  on  the  desired  null  directions  is  invariably 
obtained  by  processing  some  form  of  measured  co- 
variance  matrix  which  defines  the  mean  values  of  the 
cross-products  of  the  voltages  received  by  the  elements 
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of  the  system.  In  the  case  of  a  2-element  isotropic  system 
illuminated  by  a  single  narrow-band  jammer  at  angle  0, 


the 

co-variance 

matrix  M 

reduces 

V\V\  Kv2 

Pj+Qn 

Pj  exp(yV)’ 

M  = 

ylv i  ypi. 

PJ  exp (~j</>) 

Pj+Qn  _ 

where  the  asterisk  stands  for  the  complex  conjugate 
and  an  overbar  indicates  a  time  averaged  value,  and  Vj, 
V2  =  voltage  received  by  element  number  1,  2, 
respectively,  Pj=mean  jammer  power  at  each  element, 
Qn=receiver  noise  at  each  element,  4>=  2rcd  sin0  IX. 

In  this  case  it  is  evident  that  the  angle  of  arrival  of  the 
jamming  signal  can  be  deduced  immediately  from  the 
ratio  of  two  terms  of  the  co-variance  matrix,  since 

exp(j«i»  =  (WK;K,)  (7) 

In  principle,  the  NxN  co-variance  matrix  of  N-element 
system  can  be  manipulated  to  provide  angle  of  arrival 
data  up  to  (N-l)  jamming  sources.  This  involves 
analysing  the  incident  signals  into  N  eigenbeam 
components.  In  the  simple  adaptive  arrays,  angle  of 
arrival  data  is  rarely  evaluated  explicitly,  since  it 
transpires  that  the  optimum  element  weights  demanded 
by  the  widely-used  maximum  SINR  algorithm  can  be 
found  simply  by  inverting  the  co-variance  matrix. 

In  the  absence  of  interference,  it  is  generally 
required  that  the  radiation  pattern  of  the  array  should 
revert  to  a  fixed  quiescent  pattern.  For  radar  and  fixed 
point-to-point  communications  antennas  the  quiescent 
pattern  will  usually  be  a  single  narrow  beam  with  low 
sidelobes.  For  mobile  communication  applications, 
where  directions  of  wanted  signals  are  unknown  a  priori, 
this  pattern  may  be  omnidirectional.  When  interference 
occurs,  the  radiation  pattern  is  required  to  adopt  to 
present  nulls  in  the  directions  of  interference,  but  it  is 
essential  that  the  adaptive  circuits  do  not  attempt  to 
cancel  wanted  signals. 


found  by  minimizing  the  array  output  power  subject  to  L 
linear  or  derivative  constraints  as  follows  [5] 

MinimizeE[\y(t)\2  ]  =  w*  Rxw  Subject  to  C*w  =  /  (8) 

where  the  autocorrelation  matrix  Rx=E[x(t)x*(t)],  C  is 
the  NxL  constraint  matrix,  and  f  is  the  Lxl  response 
vector. 

The  optimal  solution  for  (8)  is  given  by 
w0=Rx'lC(C*R*",C)',f  (9) 

If  a  constraint  unit  gain  in  the  desired  signal  direction  is 
imposed,  then  (9)  becomes 

w0=KRx''sd  (10) 

where  sd  denotes  the  desired  signal  direction  vector  and 
k  a  constant  given  by  k"1  =sd*Rx',sd. 

Each  of  (10)  reveals  that  a  matrix  inversion  is  required  to 
compute  the  optimal  solution.  Consequently,  the 
required  computation  loads  are  about  0(N3). 

To  obtain  better  resolution  and  interference  cancellation, 
we  generally  increase  the  size  of  adaptive  arrays.  As  a 
result,  the  required  computational  burden  and  the 
convergence  speed  for  adaptation  become  two  severe 
problems.  Moreover,  the  resulting  high-resolution 
capability  of  using  a  large  array  makes  the  array’s 
sensitivity  to  imperfections  more  severe. 

Many  techniques  have  been  presented  to  alleviate  these 
drawbacks  of  using  large  adaptive  arrays.  A  widely 
considered  one  is  the  partially  adaptive  processing 
technique  which  utilizes  a  fraction  of  the  available  array 
weights  for  adaptation. 

Let  the  desired  signal  be  the  source  incident  from 
directional  angle  0i  and  the  other  J=P-1  sources  be  the 
undesired  interferences.  For  the  case  of  correct  steering, 
sd=A(0|)  (A(0j)=the  response  vector  of  the  ith  signal) 
with  steering  angle  0O  0i.  The  theoretical  SINR  on  the 
output  of  uniform  N-elements  linear  array  is  given  by  [5] 


2.2.  Adaptive  Arrays 

Adaptive  beamforming  for  receiving  the  signal  in  a 
specified  direction,  while  canceling  the  interference 
signals  without  the  a  priori  knowledge  of  the  interference 
environments  has  been  widely  used  in  any  areas  [1],  [2], 
[4],  [5]. 

The  concept  of  sidelobe  canceling  can  be  extended 
to  arrays  with  many  elements,  each  additional  element 
allowing  an  extra  null  to  be  steered.  In  situation  which 
an  N-element  array  is  receiving  the  remaining  N-J-l 
nulls  to  be  adjusted  so  as  to  optimize  the  performance 
according  to  some  predetermined  criteria.  Of  course,  the 
number  of  jammers  is  rarely  known  in  advance  (and  may 
even  exceed  the  number  of  elements),  and  the  most 
widely  adopted  criterion  is  simply  that  of  optimizing  the 
ratio  of  signal  power-to-interference  plus  receiver  noise 
power  (SINR). 

For  array  beamforming  with  full  adaptivity,  we 
consider  an  array  with  N  isotropic  sensor  elements.  Let 
the  received  data  vector  be  x(t)  and  the  output  of  the 
array  be  y(t)=  w*x(t).  The  optimal  weight  vector  w0  is 


SINR  ■■ 


^\A*(0o)m)\2 


*'  'A*(0o)A(02f  + 


(11) 


7t2 


7ti=is  the  ith  variance 


if  there  is  only  one  interferer  falling  outside  the  mainlobe 
of  the  beam  pattern.  From  (II)  we  note  that  the  output 
SINR  approaches  zero  when  the  desired  signal  is 
impinging  on  the  array  near  to  the  mainlobe  edge  or 

\A*(0o)A(0]f  «0.  Figure  3  shows  the  curves  of  the 
output  SINR  versus  0,  for  an  array  of  N=10  or  20  or  30 
elements,  respectively. 

There  are  multiple  SINR  nulls,  because  the  values  of  the 

angle  0i  which  make|/l*(6,0)/4(#1)|2  »0  satisfied  are 

equal  to  the  multiple  of  the  beamwidth.To  cure  this 
problem,  an  efficient  technique  is  proposed  in  [5]  to 
enhance  the  robust  capabilities  of  the  adaptive 
beamformer. 


44 


Fig.  3.  SINR  on  the  Output  of  N-Element  Adaptive 
Beam  forming  Linear  Array  Versus  0,. 


3.  PERFORMANCE  EVALUATION 


Performance  of  an  adaptive  antenna  operating  in 
communication  system  is  judged  by  the  ratio  of  the 
directive  gain  Dd,  in  the  direction  of  the  desired  signal  Sd 
source  (or  sources),  to  the  directive  gain  Du  in  the 
direction  of  the  undesired  signal  S„  sources.  The  system 
designer  needs  to  know  the  ratio  Dd/Du  so  that  he  may 
set  Sd  large  enough  to  guarantee  uniterrupted 
communication  even  in  presence  of  undesired  and/or 
unexpected  interference.  Unfortunately,  it  is  not  always 
possible  to  specify  the  location  and  strength  of  all  Su; 
consequently,  the  system  designer  might  consider  the 
..worst  case”  performance  characteristics  in  specifying 
the  antenna  performance.  This  could  lead  to  an  antenna 
system  much  too  large,  too  complicated,  or  perhaps 
even  impractical.  Hence  the  system  designer  must 
compromise,  or  trade-off,  the  system  performance.  He 
might  do  this  by  specifying  the  antenna  performance  on 
statistical  basis;  that  is,  D(I/DU>X  for  Y  %  of  the 
communication  system  operating  hours.  In  short,  an 
intelligent  quantitative  means  of  trading  off  system 
performance  characteristics  can  be  very  useful. 

In  response  to  the  foregoing,  consider  a  figure  of 
merit  (FOM)  as  shown  in  Fig.  4,  which  consists  of  first 
dividing  the  angular  field  of  view  (FOV)  into  grid  of 
cells. 


Fig.  4.  Figure  of  Merit 

Next  select  a  particular  location  and  strength  of  desired 
and  undesired  signal  sources  and  allow  the  adaptive 
antenna  under  test  to  adopt.  Then  the  directive  gain  is 


determined  at  each  cell  in  FOV  and  the  cells  are  grouped 
according  to  their  angular  separation  from  the  undesired 
signal  sources.  The  values  of  directive  gain  would  be 
sorted  in  accordance  with  their  associated  zone.  In  the 
case  of  more  than  one  interfering  source  S„,  a  cell  may¬ 
be  in  more  than  one  zone.  In  this  case,  the  cell  would  be 
assigned  to  the  zone  closet  to  an  undesired  signal  source. 
Now  the  new  scenario  is  selected,  the  antenna  is  allowed 
to  adopt,  and  the  directive  gain  is  determined  and  sorted 
as  described  before.  This  procedure  is  repeated  until  all 
important  scenarios  have  been  considered,  or  a  data 
base,  sufficient  for  statistical  analysis,  has  been 
accumulated.  Using  this  data  base,  one  can  determine 
the  probability  of  realising  Dd/D„,  greater  than  a  selected 
value,  in  any  of  the  zones.  In  those  instances  when  the 
strength  of  undesired  signal  is  known,  the  ratio  D/D,, 
can  be  used  to  determine  the  effective  isotropic  radiated 
power  (EIRP)  required  by  desired  signal  source  to 
overcome  that  signal  radiated  by  undesired  signal 
source.  In  those  case  where  more  than  one  interfering 
source  of  different  intensity  is  present,  one  could 
determine  an  effective  D„etr  in  accordance  with  [2J 

/  / 

A,//  =(I>^  )/(!>>  (ll> 

1=1  /  1 

4.  EXAMPLES  OF  APPLICATION 

4. 1 .  UHF  TV-Broadcasling  System 

The  most  successful  example  of  an  intelligent 
antenna  is  the  UHF  TV  broadcast  antenna  developed 
specifically  to  cope  with  the  difficulties  of  providing 
television  service  to  the  Channel  Islands  [6],  In  this  case 
the  closet  point  to  the  UK  is  Alderney  and  the  relevant 
UK  main  transmitter  is  the  one  at  Stockland  Hill.  There 
was  difficulty  with  co-channel  interference  arised  from 
nearby  French  transmitters  and  more  distant 
transmitters  in  the  UK,  Belgium  and  Holland  (Fig.  5). 


Note.  All  the  transmitters  shown  are  on  the  same  channel  and  are 
potential  sources  of  interference 

Fig. 5.  Map  Showing  the  Rays  of  Possible  Interference  of 
UHF  TV-Broadcasting  Station  at  Alderney  (UK) 

An  adaptive  antenna  (16x4  array  of  printed  dipole 
elements)  was  developed  and  applied.  The  output  of 
each  element  is  connected  to  a  network  which  controls 
the  amplitude  and  phase  of  that  output,  prior  to 
summation  of  the  array  signals.  An  adaptive  control  unit 
provides  the  logic  for  control  of  the  amplitude  and  phase 
weighting.  The  system  has  satisfied  its  performance 
objectives  by  achieving  50  dB  nulls  on  at  least  three 
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sources  of  interference,  though  at  lower  rejection  levels 
it  can  cope  with  up  to  12  sources  of  interference. 

4.2.  Mobile  Cellular  Communication  System 

Mobile  radio  communication  systems  are  currently 
characterized  by  an  ever-growing  number  of  users, 
which  however  is  coupled  with  limited  available 
resources,  in  particular  in  terms  of  usable  frequency 
spectrum.  Research  is  therefore  oriented  towards 
developing  new  access  techniques,  for  more  efficient 
employment  of  available  frequency  bands.  The  Space 
Division  Multiple  Access  (SDMA)  technique  allows  to 
enhance  the  capacity  of  a  cellular  system  by  exploiting 
spatial  separation  between  users  [7].  In  this  method  the 
base  station  does  not  transmit  the  signal  throughout  the 
area  of  the  cell,  as  in  the  case  of  conventional  access 
techniques,  but  rather  concentrates  power  in  the 
direction  of  the  mobile  unit  the  signal  is  meant  to  reach, 
and  reduces  power  in  directions  where  other  units  are 
present  (Fig.  6). 


Fig.  6.  Radiation  Beam  Pattern  Adapted  for  a  Single 
User  of  a  Mobile  Cellular  Communication  System 

The  radiation  pattern  of  the  base  station,  both  in 
transmission  and  reception,  is  adopted  to  each  different 
user  so  as  to  obtain  the  highest  gain  in  direction  of  the 
mobile  user.  Simultaneously,  radiation  nulls  shall  be 
positioned  in  the  directions  of  interfering  mobile  units. 
In  this  case  an  adaptive  antenna  array  (Fig.  1)  of  base 
station  helps  to  carry  out  spatial  filtering.  The  use  of  an 
adaptive  antenna  array  increases  system  capacity,  i.e.  the 
number  of  users  it  can  handle  due  to  reduction  in  co¬ 
channel  interference.  It  allows  to  reduce  frequency  re¬ 
use  distance  and  cluster  size,  what  means  if  each  cell  can 
be  assigned  a  higher  number  of  channels. 

5.  CONCLUSIONS 

The  self-adopted  to  the  EM-environment  antenna 
system  is  developed  to  meet  the  following  requirements: 
automatic  adjustment  of  the  antenna  pattern  to  give 
minimum  interfering  signal;  no  prior  knowledge  of 
direction  of  interfering  signals;  ability  to  handle  multiple 
sources  of  interference;  ability  to  track  changes  in 
direction  of  interference  resulting  from  propagation 
effects;  ability  to  provide  nulls  at  least  45  dB  on 
interference  sources. 


The  amount  of  information  received  by  a  full-scale 
DBF  antenna  system  is  formidable  and,  therefore,  it  may 
prove  desirable  to  incorporate  artificial  intelligence  to 
control  the  processing  of  these  data  so  as  to  extract  the 
essential  features  and  present  a  comprehensible  image  of 
the  electromagnetic  environment  under  changing 
conditions.  This  constitutes  the  fifth  generation  antenna: 
the  first  being  the  reflector  with  dipole  fed,  the  second 
the  phased  array,  the  third  the  printed  circuit  antenna, 
and  the  fourth  the  monolithic  array.  It  involves  a 
community  of  people  from  widely  different  domains. 
The  intelligent  antenna  will  be  a  natural  concept  to  the 
next  generation  of  antenna  engineers. 
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This  paper  reports  some  results  of  the  Ku-band  service  area  between  satellite  broadcasting  systems  and 

satellite  radio-signals  observation.  The  communication  terrestrial  or  other  space  services.  In  the  case  of  space- 

(TV-SAT)  and  telemetric  (beacon)  signals  received  from  to-Earth  paths  for  broadcasting  systems,  several 

the  geostationary  satellites:  ASTRA,  EUTELSAT,  and  propagation  effects  (e.g.  tropospheric  absorption, 

INTELSAT  have  been  collected  over  ten-month  period  attenuation,  and  depolarization;  ionospheric  scintillation 

from  April  1997  to  March  1998.  The  elevation  angle  and  Faraday  rotation;  local  environmental  effects, 

from  the  receiving  site  in  Wroclaw,  Poland  to  the  including  attenuation  by  buildings  and  vegetation)  may 

satellites  was  about  31.5  (ASTRA,  EUTELSAT),  and  require  consideration.  Each  of  these  contributions  has  its 

18.0  (INTELSAT  601/602)  degrees.  The  analyzed  own  characteristics  as  a  function  of  frequency, 

database  consists  of  power  levels  for  both  type  of  geographic  location  and  elevation  angle. 

signals,  and  a  carrier-to-noise  ratio  for  the  This  paper  discusses  some  of  these  effects  and 

communication  signals.  refers  them  to  experimental  results  were  done. 

1 .  INTRODUCTION 

Recently,  during  the  1970-98th  period,  in  Poland 
the  increase  use  of  satellite  links  for  broadcasting, 
telecommunication  and  data  acquisition  systems  has 
been  observed.  Unfortunately,  the  past  political 
relationship  situated  us,  in  term  of  satellite  systems 
planning  and  realization,  in  quite  different  condition 
than  Western  European  countries.  For  most  satellites  the 
Poland  territory  is  a  long  way  apart  of  beam-center. 

Information  concerning  most  satellites,  available  on 
common  market,  are  insufficient  for  systems  designer. 

The  World  Satellite  Almanac  does  not  guarantee  that  the 
values  expressed  therein  will  necessarily  correspond  to 
performance  levels  found  in  the  field.  So,  more  data 
have  been  still  needed  to  characterize  the  propagation 
impairments  for  satellite  systems  planning. 

Broadcasting  by  satellites  leads  to  propagation 
considerations  that  are  not  entirely  comparable  with 
those  occurring  in  the  fixed-satellite  service.  Attenuation 
data  for  space-to-Earth  direction  are  needed  in  the  form 
of  statistical  averages  and/or  contour  maps  of 
attenuation  and  depolarization  for  large  areas.  Specific 
coordination  problems  may  arise  at  the  margin  of  the 


2.  EXPERIMENT  DESCRIPTION 
2.1.  Measuring  set  up 


RECEIVER  COMPUTER 

I-,  3-,  2-:  parabolic  dishes  of  INTELSAT  601  ,  602,  and 
ASTRA/EUTELSAT  (multi-beam  antenna)  receivers,  respectively; 

4-,  5-:  front-end  PLL  receivers/down-converters;  6  -  DC/HF-  coupler 
Fig.  1.  Block  diagram  of  the  satellite  signals  receiving 
and  data  acquisition  system 
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Measuring  setup  consists  of  three  parabolic-dishes,  two 
for  INTELSAT  (601  -  27.5°  W  and  602  -  62.9°  E) 
satellites  reception  and  one  -  multi-beam  antenna  for 
ASTRA  19.2°E,  and  EUTELSAT  13E  and  16°E  satellites 
reception.  Antennas  are  fixed  on  a  terrace,  at  Xl-th  floor 
of  the  Wroclaw  University  of  Technology  building.  The 
receiving  system  was  constructed  to  take  advantage  of 
the  frequency  coherence  of  the  beacons. 

Some  characteristics  of  the  receiving  system  are  given  in 
Table  1. 

TABLE  I. 

Characteristics  of  satellite  monitoring  system  at 
Wroclaw  University  of  Technology,  Poland 


Terminal 

Commun. 

Beacon 

INTELSAT 

Frequency  [GHz] 

10.9  to  11.7 

11.198 

Bandwidth  [Hz] 

27  106 

300 

Polarization 

X  or  Y 

RHCP 

Switching  loss  [dB] 

0.2 

0.2 

Switching  time  [ms] 

15 

15 

E1RP,  toward  Wroclaw  [dBW] 

45  to  50 

7  to  10 

Antenna  diameter  [m] 

1.8 

1,8 

Gain  [dB] 

43.8 

43.8 

Beamwidth  [deg] 

1.1 

1.1 

LNB  Noise  Factor  [dB] 

0.94 

0.94 

Local  Phase  Noise  [dBc] 

-95 

-65 

The  signal  in  receiver  was  processed  by  a  RF  section 
(front-end  PLL-LNB),  spectrum  analyzer  (TEK  2710) 
and  was  monitored  by  a  PC-based  data  acquisition 
system.  The  satellite  signals  from  each  RF-section  are 
combined  in  the  RF-multi-position  switch,  which 
connects  randomly  selected  one  of  eight  satellite  signals 
to  the  analyzer  input.  It  allows  to  make  sequentially 
observation  of  signals  from  different  satellites,  received 
by  fixed  antennas. 

The  outputs  of  the  receiver  and  RF-switch  were 
continuously  monitored  by  a  PC-based  data  acquisition 
system  via  GPIB  and  CENTRONICS  interfaces,  steered 
by  remote  control  program  (RCP).  The  RCP  provides 
control  of  all  receiver  function:  frequency  tuning, 
bandwidth  adjusting,  time  of  sweeping,  input  level,  the 
acquisition  procedure  of  the  computer,  as  well  as  the 
RF-switch  switching  order. 

2.2.  Satellite  constellation  under  investigation 

The  main  assumption  of  our  investigation  was 
determination  of  satellite  signal  reception  and 
qualification  in  Poland.  So,  we  wish  to  estimate 
communication  signal  behaviour  during  long-time 
rather,  than  propagation  condition  itself  as  they  were 
done  in  many  research  before  [1],  [2],  [3].  The  problem 
is  how  to  elect  satellite  candidates  to  be  representative 
from  such  point  of  view.  At  first  we  decided  to  monitor 
all  satellites  which  carry  the  Polish  TV  Programs,  they 
are:  EUTELSAT  HOT  BIRD,  and  EUTELSAT  II  F2. 


Second  condition,  had  taken  under  consideration  was 
popularity  of  TV  programs  broadcasted  via  satellite.  In 
this  competition  ASTRA  satellite  was  the  winner.  At  last 
we  chose  satellites  are  on  extreme  position  with  respect 
to  receiving  site,  having  in  mind  the  propagation 
condition  (lowest  elevation  angle,  slant-path  length, 
etc.).  From  that  reason  the  INTELSAT  satellites,  No  601 
and  602  were  the  best  choose  (Fig.  2). 


Fig.  2.  Azimuth  position  of  on  a  geostationary  orbit 
satellites  with  respect  to  Wroclaw,  Poland 


2.3.  Measurement  of  satellite  communication  signals 

Observation  of  communication  signals  (e.g.  carrier 
spectrum  line)  as  a  data  for  the  satellite  signals  quality 
estimation  have  some  disadvantages: 

■  most  of  the  satellite  transponders  are  operated  in 
multi-carrier  environment  (Fig.  3).  It  means  that  the 
level  of  each  received  carrier  can  be  affected  very 
much  by  variations  in  the  other  carriers  in  the  same 
transponder.  These  variations  would  limit  the 
accuracy  of  measurements. 


Fig.  3.  Measured  power  spectral  density  of  the  downlink 
communication  signals  of  all  ASTRA  satellite 
transponders 

■  the  communications  carriers  themselves  do  not  have 
a  constant  amplitude.  This  is  particularly  so  if  we 
wish  to  receive  an  FM-TV  signal  in  a  limited 
bandwidth  (Fig.  4). 
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Fig.  4.  Spectra  of  ASTRA  satellite  TV  ZDF  channel 

■  the  dynamic  range  of  the  received  signals  (from  a 
carrier)  would  generally  be  less  than  if  we  were 
receiving  a  beacon  which  usually  contains  all  of  its 
energy  in  less  than  100  Hz  bandwidth. 

■  the  communications  carriers  can  be  re-assigned  at 
short  notice,  particularly  if  the  transponder  is  leased 
out  and  satellite  has  no  day-to-day  control  over  the 
content  of  that  transponder. 

■  if  we  are  going  to  detect  a  digital  carrier,  only  one 
or  two  dB  in  level  can  cover  the  range  from  an 
acceptable  performance  to  a  degraded  performance 
(or  even  an  outage).  In  other  words,  the  detection 
level  would  be  too  sensitive. 

Concluding  above  remarks,  we  should  carefully 
interpret  some  variations  of  a  real  communication 
signal.  They  can  not  depend  only  on  propagation  effects. 
From  that  reason  it  is  useful  to  observe,  as  a  reference, 
the  telemetric  beacon  signals,  which  are  radiated  by 
most  satellites  in  use. 

2.4.  The  telemetric  beacon  measurement 

A  satellite  beacon  (Fig.  5)  measurement  can  be 
made  with  generally  simple  equipment.  A  2m  in 
diameter  antenna,  a  system  noise  temperature  of  about 
200K,  and  phase  lock-loop  (or  equivalent)  bandwidth  of 
200  Hz  would  enable  a  fade  margin  of  20  dB  to  be 
achieved  with  the  global  (or  zone)  Ku-band  beacons  that 
most  satellites  radiate. 

The  station-keeping  tolerance  on  the  satellite  fleet  is 
very  tight,  being  better  than  ±0.1°  both  E-W  and  N-S, 
so  no  one  should  have  problems  with  a  fixed  antenna 
with  diameter  of  about  2  m. 

All  satellites  carry  global-  or  zone-beam  Ku-band 
beacons,  with  very  similar  specifications.  Once  beacon  is 
on,  it  is  very  unlikely  that  the  beacon  frequency  will  be 
changed,  except  for  reasons  of  failure  in  the  operating 
beacon. 

The  Ku-band  beacons  are  characterized  by  following 
parameters: 


Tek 


Sstelltl  *ST<U  U-f  (19.  2E)  Pol  m 


—ft 

ssfs 

(a) 


received  from  ASTRA  satellite  (a);  modulated  by 
telemetry  and/or  ranging  signal  beacon  from 
EUTELSAT-Hot  Bird  satellite  (fc=  1 1451.83  MHz)  (b) 


Frequencies:  11.198  GHz  (INTELSAT),  11.447  GHz 
(ASTRA);  11.451  GHz  (EUTELSAT), 

Polarization:  RHCP  (INTELSAT);  X-LP  (ASTRA 
EUTELSAT), 

Minimum  EIRP:  9  dBW  to  the  rim  of  spot  coverage, 
Power  Stability:  <  ldB  variation  between  -10  and  +50 
°C  on  the  satellite;  <  2  dB  variation  over  7  years;  both 
values  peak-to-peak;  ±0.5  dB  variation  over  any  24 
hours;  ±0.2  dB  variation  over  any  2  minutes 
Frequency  Stability:  short-term:  90%  the  total  radiated 
power  falls  within  a  5  Hz  bandwidth  centered  on  the 
beacon  frequency.  If  a  phase-lock  loop  approach  is 
used  in  the  beacon  receiver  design,  a  good  compromise 
between  search  time  and  depth  of  fade  during  which  lock 
can  be  maintained  is  100  Hz;  long-term:  +3  10'6;  long¬ 
term  refers  to  the  spacecraft  design  life  which  is  e.g.  10 
years  for  an  INTELSAT  VI 

Modulation:  there  is  no  modulation  on  the  Ku-band 
beacons  ,  they  are  „pure”  CW  tones  (see  Fig.  5a)  on 
ASTRA  and  INTELSAT  satellites.  Sometimes  they  are 
modulated  by  the  telemetry  and/or  ranging  signal,  as  on 
EUTELSAT  satellite  is  (Fig.  5b). 
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3 .  SOME  MEASURED  DATA 


3. 1 .  Long-term  of  satellite  signal  observations 

The  Radio  Department  of  Wroclaw  University  of 
Technology  has  been  carrying  out  a  systematic 
measurements  and  monitoring  of  the  communication 
satellite  signals  both  in  fixed  place  in  Wroclaw  [7],  and 
in  different  locations,  uniformly  distributed  all  over  the 
Poland  [8]  since  1997.  The  preliminary  results  from 
fixed  site  are  presented  below.  We  present  time 
dependence  of  communication  signals  power  level  and 
carrier-to-noise  ratio  along  with  the  beacon  power  level. 
As  an  example  we  choose,  the  continuous 
measurements,  were  doing  during  a  few  weeks,  from 
December  19,  1997  to  January  8,1998. 

In  Fig.  6  the  EUTELSAT  signals  behaviour  are  shown. 


(a) 


f=l  145 1.091  MHz 
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(b) 

Fig.  6.  Time-variations  of  communication  signal  carrier- 
to-noise  ratio  and  power  level  (a);  and  telemetric  beacon 
signal  power  level  (b)  received  from  the  EUTELSAT  II 
FI  13"E  satellite  during  December  19,  1997  to  January 
8,  1998  period 


Florizontally  polarized  communication  signal  has  -23 
dBm  an  average  power  level  and  about  27  dB  carrier-to- 
noise  ratio.  The  two  events  was  observed  during  whole 
period.  First,  was  observing  on  December  22  afternoon, 
between  15:29  and  18:44  GMT.  That  time  power  level 
and  C/N-ratio  decreased  over  lOdB.  Second  event 
presented  on  January  8,  1998  had  shallow  decrease, 
about  6  dB.  It's  worth  to  note  that  on  the  beacon 
diagram  only  second  event  coincide  with 
communication  signal,  the  first  did  not  registered.  Most 


of  time  all  over  observation  period  beacon  power  level 
changes  less  than  ±0.5  dB. 

On  next  few  pictures  variations  of  measured  signals 
from  ASTRA  and  INTELSAT  satellites  are  shown. 


(a) 


(b) 


(c) 


Fig.  7.  Time-variations  of  communication  and  telemetric 
beacon  signals  received  from  ASTRA  (a),  (b).  and 
INTELSAT601  satellites  (c),  (d)  (period  as  in  Fig.6  ) 
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Above  results  permit  roughly  estimate  satellite 
signal  behaviour  during  assumed  period  of  time.  One 
cycle  of  observation  some  ten  signals,  from  seven 
satellites  were  registered.  Each  communication  signal 
was  observed,  averaged  and  memorized  about  3:30  min, 
and  beacon  signal  from  this  same  satellite  -  about  1:20 
min.  The  whole  acquisition  process  consumes  31 
minutes.  It  acts  as  a  sampling  time  of  the  monitoring 
procedure. 

Such  rare  sample  data  could  not  show  subtle 
distinction  of  satellite  signals  due  to  at  the  moment 
propagation  conditions  (e.g.  short-time  rain  event  , 
scintillation  effects,  etc.).  For  such  data  only  beacon 
signals  were  observed,  with  sample  rate  1:2  seconds. 

3.2.  Scintillation  and  multipath  effects 

Rapid  signal  variations  caused  by  small-scale 
variations  of  refraction  are  called  scintillations. 
Tropospheric  effects  in  absence  of  precipitation  are 
unlikely  to  produce  serious  fading  in  space 
communication  systems  operating  at  frequencies  below 
about  10  GHz  and  at  elevation  angles  above  10°. 

The  magnitude  of  tropospheric  amplitude 
scintillations  depends  on  the  amplitude  and  structure  of 
the  refractive  index  variations.  The  magnitude  of 
scintillations  increases  with  frequency  and  with  the  path 
length  through  the  medium  and  decreases  as  the  antenna 
beamwidth  reduces.  An  example  of  our  observation  of 
attenuation  effect  due  to  scintillation  is  shown  in  Fig.  8. 


Time  (GMT) 

Fig.  8.  A  representative  propagation  event  of  May  19, 
1997  observed  at  Wroclaw,  Poland  on  the  EUTELSAT 
II  FI  13°E beacon  signal  level 

4.  SUMMARY  AND  CONCLUSIONS 
This  paper  described  an  experimental  campaign  for 
collecting  Ku-band  propagation  data  using  ASTRA, 
EUTLSAT,  and  INTELSAT  satellites.  The  objective  to 
the  experiment  is  to  characterize  satellite  communi¬ 
cation  channels  received  in  Poland.  The  campaign 
consists  of  a  single  fixed  (on  the  roof  of  the  Wroclaw 
University  of  Technology)  measuring  site,  and  the 
mobile  terminal  .  Only  the  measurements  using  the  fixed 
site  were  addressed  in  this  paper.  Reference  8  describes 
the  mobile  experiment. 


The  site  began  collecting  data  in  March  1 997  and 
data  analysis  began  late  that  year.  Sample  measurements 
and  preliminary  results  have  reported  in  Figures  2-8. 

Basing  on  the  collected  data,  up  to  date  many 
refined  statistics  and  results,  that  have  never  been  done 
in  Poland  before,  are  expected  to  be  developed. 

A  number  of  years  of  observations  are  needed  for  a 
single  path  to  provide  a  reliable  estimate  of  actual 
attenuation  distribution.  To  obtain  an  uncertainty  of  less 
than  10%  r.m.s.  ,  a  minimum  of  four  years  of 
observation  are  needed. 

The  variation  from  year-to-year  of  the  measured 
path  attenuation  from  the  long-term  average  is  of 
interest  to  system  designers  if  additional  margin  (or 
safety  factor)  is  required  to  perfect  sensitive  links  that 
require  extremely  high  availability,  such  as  telemetry, 
command,  control,  and  monitoring  functions. 
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The  antenna  outdoor-range  is  optimized  according 
to  IEEE  Recommendation  with  respect  to  external 
radiation  (interference)  and/or  acceptable  levels  of 
unwanted  reflections  from  the  ground  and  some 
scattering  artifacts  presented  in  surrounding  space  to 
measuring  set  up.  Electromagnetic  radiation  hazard  in 
the  vicinity  of  antenna  range  is  taken  into  account  and 
some  precautions  to  the  personnel  are  indicated. 

1.  INTRODUCTION 

A  fundamental  property  of  an  antenna  is  its 
radiation  pattern.  The  working  environment  in  which  an 
antenna  is  installed  may  substantially  modify  the 
intrinsic  pattern.  Consequently  measurements  in  situ  are 
frequently  required. 

A  classical  problem  encountered  when  measuring 
the  far-ficld  radiation  pattern  of  an  antenna  in  a  medium 
distance  range  is  the  degradation  that  occurs  when 
undesirable  reflections  (from  the  ground  or  nearby 
objects)  are  present.  To  reduce  this  problem,  the  source 
and  test  antennas  are  often  installed  on  towers  to  remove 
them  from  reflective  objects,  radio-frequency  (RF) 
absorptive  materials  are  used  to  reduce  the  amplitude  of 
the  reflected  signals  and  diffraction  fences  and/or  a 
longitudinal  ramp  are  installed  in  the  range  in  order  to 
null  out  the  reflections  and  „clean  up”  the  range.  These 
solutions  are  often  limited  in  their  effectiveness  and  can 
be  prohibitively  expensive  to  implement. 

Outdoor  ranges  provide  an  uncontrolled 
environment.  They  are  usually  subjected  to  interference 
from  signal  sources  outside  the  range  area.  These 
sources  can  be  mobile  communications,  radar,  and/or 
common  broadcasting  systems  operating  in  VHF-band. 
The  use  of  filters  can  often  suppress  the  effect  of  these 
interfering  signals  but  not  eliminate  them.  We  should  be 


able  to  control  external  radiation  before  and  during 
measuring  procedure  on  test  set  up. 

Another  concern  to  the  antenna  engineer  is  that  of 
radiation  hazards.  It  is  well  known  that  RF-fields  of 
sufficient  intensity  can  cause  damage  of  biological 
tissue.  Therefore  it  is  usually  necessary  to  determine  the 
level  of  the  radiation  intensity  in  the  vicinity  of  antennas 
radiating  high  RF-power  so  that  appropriate  safety 
precautions  can  be  taken  before  personnel  enter  area. 

The  purpose  of  this  contribution  is  to  present  a 
means  of  evaluating  the  performance  of  an  antenna  test 
range  from  diagnostics  of  the  wave  front  incident  on  the 
region  to  be  occupied  by  the  antenna  under  test . 

2.  ANTENNA-RANGE  MEASUREMENTS  OF 
RADIATION  PATTERN 

Antenna  range  has  been  developed  for  the  purpose 
of  measuring  the  radiation  patterns  of  antennas  in  the 
frequency  range  between  0.06  and  26  GHz,  independent 
of  their  operational  environment.  The  antenna  range 
consists  of  the  appropriate  instrumentation  and  the 
physical  space  required  for  the  measurements  (Fig.  1 ). 


Fig.  1.  Outdoor  antenna-test  setup  on  the  roof  of 
Wroclaw  University  of  Technology  building  [4],  [5] 
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The  ideal  incident  field  for  measuring  the  radiation 
characteristics  of  the  antenna  is  that  of  a  uniform  plane 
wave.  In  practice  it  is  only  possible  to  approximate  such 
a  field.  Attempts  to  do  this  have  led  to  development  of 
free-space  range  -  designed  in  such  a  manner  that  all  the 
effects  of  the  surroundings  are  going  to  be  suppressed  to 
acceptable  levels. 

There  are  two  basic  range  configurations  that 
accomplish  the  position  requirement  for  0  and  <j>  cuts  [1], 
[2],  [3].  One  is  the  fixed-line-of-sight  configuration,  the 
other  one  is  called  the  movable-line-of-sight 
configuration.  Here,  in  our  case,  the  former  setup  is 
being  used  in  which  the  test  antenna  and  its  associated 
coordinate  system  are  rotated  about  a  z-axis  (usually 
passing  through  the  phase  center  of  the  test  antenna). 

When  the  broadband  antenna  patterns  are  measured 
at  discrete  frequencies  over  their  operating  bands,  it  is 
possible  to  miss  significant  variations  in  their  amplitude 
patterns.  This  variations  are  typically  frequency 
dependent  and  narrow  band.  They  are  often  referred  to 
as  „anomalies”  in  the  pattern.  For  that  reason  the  swept- 
frequency  technique  is  employed  on  presented  setup. 

The  range  is  designed  over  an  approximately  flat 
area,  on  the  roof  of  the  University  building  (C-3/4),  and 
the  effects  of  the  surroundings  are  suppressed:  by  careful 
choice  of  the  source  antenna  with  regard  to  directivity 
and  side-lobe  level;  -  by  clearance  of  the  line  of  sight 
along  range  surface. 

Some  experimental  results  of  different  antenna  radiation 
patterns  measured  on  our  setup  are  shown  in  Fig.  2. 

3.  ANTENNA-RANGE  EVALUATION 

Once  an  antenna-pattern  range  has  been  designed, 
constructed,  and  instrumented,  it  is  necessary  to 
experimentally  determine  the  state  of  the  illuminating 
electromagnetic  field  over  the  test  region,  that  is,  the 
region  where  the  test  antenna  is  to  be  mounted. 

The  illuminating  field  over  the  test  region  will  deviate 
from  that  predicted  from  calculations  based  upon  a 
highly  ideal  range  geometry  because  of  reflections  from 
various  mounting  structures,  cables,  obstacles  on  or  near 
the  range  surface,  and  from  irregularities  in  the  range 
surface  itself.  In  addition  RF  interference  is  often  a  cause 
of  difficulty. 

It  is  convenient  to  investigate  separately  that  part  of 
the  field  which  is  incident  from  the  general  direction  of 
the  source  antenna  and  that  which  arrives  from  wide 
angles  with  respect  to  the  line  drawn  from  the  center  of 
the  test  region  toward  the  phase  center  of  the  source 
antenna.  The  former  is  often  referred  to  as  the  near-axis 
incident  field,  and  the  latter  as  the  wide-angle  incident 
field.  The  near-axis  incident  field  may  be  determined 
from  a  field-probe  measurement  over  a  plane 
perpendicular  to  the  range  axis  and  coincident  with  the 
expected  location  of  the  test  antenna.  This  plane  is  called 
the  test  aperture. 

The  two  most  commonly  used  techniques  for  the 
evaluation  of  wide-angle  fields  [2]  are  the  antenna- 


Fig.2.  Radiation  pattern  of  various  antenna:  a)  screen- 
backed  dipole,  f=  87  MHz,  b)  microstrip  phased  antenna 
array  f=5.02  GHz,  c)  an  offset  parabolic  reflector  of 
diameter  0.9  m.,  f=l  1.4  GHz 

pattern-comparison  method  and  the  longitudinal-field- 
probe  method.  The  antenna-pattern-comparison  method 
is  based  upon  the  premise  that  in  the  absence  of  any 
reflected  or  extraneous  signals  the  measured  azimuthal 
antenna  patterns  of  the  test  antenna  will  be  unchanged 
with  small  changes  in  the  test  antenna’s  position  with 
respect  to  the  source  antenna.  If  the  other  hand,  antenna 
patterns  are  measured  for  several  different  positions  of 
the  test  antenna  and  the  patterns  exhibit  changes  from 
position  to  position,  then  this  indicates  the  presence  of 
reflected  or  extraneous  signals.  The  antenna-pattern- 
comparison  method  then  consists  of  recording  the 
azimuthal  patterns  of  a  test  antenna  for  enough  different 
positions  along  the  range  axis  so  that  the  maximum 
excursions  of  the  side  lobe  levels  are  obtained.  It  is 
convenient  to  record  all  patterns  on  a  single  chart  from 
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which  the  apparent  direction  of  the  incoming  wave  and 
its  relative  level  can  be  determined.  An  example  of  such 
a  measurement  is  shown  in  Fig.3. 
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Fig.  3.  Azimuthal  dipole-antenna  pattern  comparisons 
for  incremental  longitudinal  displacements  (a  height,  h) 
of  the  center  of  rotation  (a),  and  for  fixed  optimal  height 
(4.1  m)  versus  frequency  (b) 

Note  that  there  is  a  variation  of  approximately  3  dB  in 
main-lobe  of  the  patterns  and  5  to  12  dB  at  the  azimuth 
angle  ±90°.  If  the  direct  and  major  reflected  waves  were 
both  received  on  the  „minimum”-direction,  this  would 
mean  that  the  reflected  wave  is  more  than  5  dB  below  of 
the  direct  wave.  Since  the  variation  occurred  on  90 
degree  are  approximately  20  dB  below  the  peak  of  main 
beam,  the  reflected  wave  is  at  least  -  25  dB  relative  to 
the  level  of  the  direct  wave. 

Observable  results  of  antenna  pattern 
measurements  exhibits  some  discrepancy  and  asymmetry 
in  their  shapes.  It  means  if  the  measuring  environment 
covers  some  distortions.  We  try  to  minimize  and/or 
eliminate  them  in  following  manner:  -  by  redirection  or 
absorption  of  energy  reaching  the  range  surface  or 
obstacles  that  cannot  be  removed;  -  by  special  signal¬ 
processing  techniques  such  as  modulation  tagging  of  the 
desired  signal;  -  by  use  the  time-domain  gating  (three- 
step  procedure:  frequency-domain  (measurements)-to- 
time-domain  (signal  processing)  -and-back-to-frequency- 
domain  (visualization)  transformation)  [6],  [7], 

4.  TIME-DOMAIN  AND  GATING 

To  reduce  the  effects  of  reflected  signal  paths  in  an 
antenna  measurement  and  determine  the  response  of  the 


antenna  to  the  main  path  signal  only,  without  costly 
range  modifications  it  possible  measuring  the  swept 
frequency  response  of  the  antenna  and  compute  the 
inverse  Fourier  transform  to  give  the  time  domain 
impulse  response.  The  time  domain  response  allows  to 
user  to  identify  the  reflected  signal  path  responses  in 
time  and  then  remove  them  with  the  gating  feature.  In 
converting  back  to  the  frequency  domain,  the  effects  of 
the  responses  outside  the  gate  are  removed. 

The  first  step  of  the  three-fold  process  begins 
with  automatically  controllable  phase  and  amplitude 
measurement  of  the  antenna  under  test  with  respect  to  a 
reference  antenna  or  RF  source  signal.  The  equipment 
required  is  quite  similar  to  presented  on  frequency- 
domain  setup  (Fig.4). 


*OU*CS  ANTENNA  TMT  ANTENKA 


Fig.  4.  Antenna  measurement  configuration  employing 
time-gating  technique 

The  principal  difference  is  that  if  a  complex  E-field 
(amplitude  and  phase)  have  to  be  measured,  so  now  the 
vector  network  analyzer  is  required. 

This  is  done  by  using  network  analyzer  to  measure  the 
swept  frequency  response  of  the  antenna  to  the  main 
path  signal  only.  The  emitting  antenna  and  the  reference 
one  are  fixed.  The  direction  of  the  tested  antenna  is 
controlled  in  elevation  and  azimuth  by  variable 
positioner.  The  measurement  cycle  is  fully  controlled  by 
computer  which  also  records  the  measured  phase  and 
amplitude  for  every  specified  antenna  direction  at  each 
frequency  point. 

The  second  step  of  the  procedure  (the  signal 
processing)  takes  place  on  quite  powerful  computer  for 
an  off-line  analysis.  The  mathematical  analysis  is  based 
on  Fourier  transform  from  frequency  domain 
(measurement)  to  the  time  domain.  Parasitic  reflections 
are  hence  easily  canceled  in  time  domain  using 
numerical  gate  filtering. 

The  usual  antenna  radiation  pattern  is  then 
obtained  in  the  third  step  (visualization)  after  a  reverse 
Fourier  transform  back  to  the  frequency  domain  (Fig.  5) 
[6]. 
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Fig.  5.  Dipole  antenna  pattern  :  measured  on  actual 
setup,  f=125  MHz  (a),  and  after  time-gating  procedure 
(b),  together  with  theoretical  one 

The  dipole  was  measured  with  201  points  from  50 
to  300  MHz  at  each  5  degree  increment  of  azimuth 
rotation  (72  sets  of  201  point  data).  In  this  case,  the 
gating  technique  has  improved  the  measurement  of  the 
nulls  by  better  than  25  dB. 

The  distance  between  the  main  impulse  (directly 
incident  wave)  and  the  parasitic  impulses  (reflected 
waves)  must  be  large  enough  to  apply  gating  in  time 
domain.  The  time  domain  width  is  determined  by  the 
obstacle  distances  in  the  surrounding  frame.  The 
measurement  frequency  span  must  be  inversely 
proportional  to  the  desired  time  impulse  width 
Tmai([ns]=f'  [GHz].  So,  the  wider  the  necessary  time 
domain  width,  the  narrower  the  frequency  span  and  the 
greater  the  number  frequency  points  will  be.  In  this 
measurement,  the  effect  of  any  signals  that  are  picked 
up  from  reflections  from  the  antenna  positioner  or  other 
close  in  reflective  objects  will  not  be  removed. 

This  method  is  very  suitable  for  wide  band 
centimeter  wavelength  antennas,  generally  measured  in 
anechoic  chambers,  because  the  phase  delays  between 
the  directly  incident  wave  and  the  reflected  waves  allow 
a  quite  efficient  cancellation  of  parasitic  reflections  by 
gating  in  time  domain.  A  quite  good  accuracy  can  be 
obtained  with  512  frequency  points  by  gating  per  octave 
(typical  number)  and  the  necessary  storage  capacity  is 
achievable  on  most  of  usual  personal  computers. 

A  program  using  fast  Fourier  transform  (FFT)  has  been 
especially  designed  for  this  application.  It  computes  the 
actual  radiation  pattern  of  the  studied  antennas  along 
with  interesting  information  about  the  quality  of  the  test 
equipment  used  (e.g.  the  parasitic  reflection  level  versus 
space  direction  or  the  obstacle  distances). 

A  good  accuracy  can  be  reached  with  quite  short 
computation  time  (a  few  seconds  are  necessary  to 
compute  all  the  radiation  patterns  in  the  measurement 
frequency  range). 

The  program  allows  to  plot  the  measured  antenna 
pattern  with  gating  or  without  gating  and  the  parasitic 
reflections  pattern:  for  a  fixed  elevation  with  variable 
azimuth,  for  any  space  direction  (contour  plot). 


5.  ELECTROMAGNETIC  RADIATION  HAZARDS 

Individuals  involved  in  the  generation  of 
electromagnetic  signals  and  the  testing  of  antenna  shall 
consider  carefully  the  potential  hazard  of  exposure  of 
humans  to  excessive  electromagnetic  radiation.  The 
spectrum  of  nonionizing  radiation  covers  the  frequency 
range  up  to  ultraviolet-light  region. 

This  section  presents  brief  comments  pertinent  to 
health  and  safety  precautions,  which  apply  primarily  to 
radiant  energy  in  the  RF  region.  The  purpose  is  to  alert 
those  engaged  in  testing  antennas,  microwave 
components,  and  so  on,  to  potential  RF  radiation 
hazards.  In  addition  to  radiation  damage,  bums  may  be 
incurred  when  contact  is  established  by  arcing  between 
the  body  and  exposed  components  of  a  system  operating 
at  high  RF  power  levels. 

The  principal  factors  which  affect  the  amount  of 
RF  energy  absorbed  by  human  body  are  the  frequency, 
polarization  and  power  flux  density  of  the  incident  wave, 
the  exposure  time,  and  the  electrical  properties  of  the 
body. 

The  American  National  Standards  Institute  (ANSI) 
has  published  recommendations  concerning  safety  levels 
with  respect  to  human  exposure  to  electromagnetic  fields 
in  the  frequency  range  from  300  Hz  to  100  GHz.  The 
ANSI  RF  protection  guides  (RFPG)  are  intended  to 
apply  to  both  occupational  and  nonoccupational 
exposure.  These  guide  specify  maximum  allowable 
levels  as  a  function  of  frequency  in  terms  of  the  mean 
squared  E-  and  H-fields,  respectively,  and  the  equivalent 
free-space  plane-wave  power  density.  To  determine 
adherence  to  this  RFPG,  the  power  density  or  squares  pf 
the  field  strengths  should  be  averaged  over  any  0.1  -h 
period  with  all  measurements  to  be  made  at  distance  5 
cm  or  greater  from  any  object.  Table  1  is  a  summary  of 
the  ANSI  C95. 1-1982  RFPG. 


Table  1. 

RADIO-FREQUENCY  PROTECTION  GUIDES 
by  ANSI  C95.1-1982  RFPG  (U.S.A) 


Frequency 

Range 

[MHz] 

Mean  Squared 

E2-field 

[V2/m2] 

Mean  Squared 
H2-field 
[A2/m2] 

Power 

Density 

[mW/cm2] 

30-300 

4000 

0.025 

1.0 

300-1500 

4000(f/300) 

0.025(f/300) 

f/300 

1500-100000 

20000 

0.125 

5.0 

Note:  f  =  frequency  in  MHz 


The  frequency  dependency  of  the  maximum 
allowable  equivalent  plane-wave  power  density  and  of 
the  mean  squared  field  strengths  is  based  on  research 
results  which  show  that  the  whole-body-average  specific 
absorption  rates  approach  maximum  values  when  the 
long  axis  of  the  body  is  parallel  to  the  E-field  vector  and 
is  approximately  0.4k  in  length  where  X  is  the  free-space 
wavelength  of  the  incident  field.  This  resonance  occurs 
at  a  frequency  of  about  70  MHz  for  man  of  average  size. 
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The  allowable  incident  intensities  increase  above  300 
MHz.  The  levels  in  Table  1  may  be  exceeded  if  the  input 
power  to  a  radiating  device  at  RJF  between  300  kHz  and 
1  GHz  is  seven  watts  or  less. 

The  Polish  Government  Regulations  recommends 
slightly  different  levels  of  electromagnetic  radiation 
hazard  for  personnel  engaged  in  maintenance  of  the 
electromagnetic  fields  sources.  They  are  presented  in 
Table  2. 


Table  2. 

RADIO-FREQUENCY  PROTECTION  GUIDES 
by  Dz.U.  No  3,  1995  (Poland) 


Frequency  Range, 
[MHz] 

10-300 

300  -  300000 

Zone 

■B9SSMI 

HRmSM 

Stat. 

Fields 

Nonstat. 

Fields 

Safety 

<7 

<0.1 

<1.0 

Intermediate 

7  -20 

O 

1 

M 

O 

1  -  10 

Danger 

20-300 

2-100 

10-100 

1  Hazardous 

>300 

>  100 

>  100 

extending  permissible  level  of  7  V/m,  which  may  even 
reach  a  danger- zone. 

6.  CONCLUSIONS 

The  modem  outdoor  antenna  test  range,  working  in 
0.06  to  26  GHz  frequency  range,  and  fully  controlled  via 
computer  was  designed  [4],  [5]  and  evaluated.  The 
external  radiations  (interference)  were  suppressed  by 
means  of  tuned  filters  and  careful  monitoring  before  and 
during  measurements.  To  omit  reflected  waves  on 
antenna  site  the  double  Fourier  transform  and  time¬ 
gating  of  measured  signal  processing  was  considered. 
This  method  improves  rejection  of  reflected  products 
even  over  25  dB.  The  electromagnetic  radiation  hazard 
was  taken  into  account.  The  estimated  radiation  are  well 
below  permissible  levels.  However,  sometimes  they  may 
be  exceeded,  during  a  VHF  antenna  measurements,  as  a 
result  of  higher  level  of  source  signal  applications  on  a 
test  site,  in  order  to  overlap  of  external  emission 
produced  by  broadcasting  stations. 

It  is  concluded  that  at  present  time  the  minimum 
measurable  levels  on  the  site  are  on  the  level  -25  to  -  30 
dB  with  respect  to  the  peak  of  main  beam. 


Having  in  mind  the  above  recommendations  and 
taking  into  account  the  gain  of  source  antenna 
frequency-dependence,  the  whole  frequency  range  of 
measurement  was  divided  on  few  bands,  and  some 
numbers  of  electromagnetic  radiation  hazard  on  antenna 
range  were  estimated  (see  Table  3). 
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Table  3. 

ELECTROMAGNETIC  RADIATION  HAZARD 
ON  OUTDOOR  ANTENNA-TEST  RANGE 


Band 

i 

II 

HI 

IV 

V 

VI 

VII 

F 

MHz 

60 

to 

140 

180 

to 

230 

300 

to 

1000 

1000 

to 

3000 

3000 

to 

6500 

6500 

to 

12000 

12000 

to 

18000 

E 

V/m. 

R=20m 

1.22 

1.95 

1.72 

“ 

“ 

S 

mW/nP 

R=20m 

1.99 

5.06 

3.95 

0.31 

0.397 

1.98 

0.70 

s 

mW/m2 

R=87m 

' 

' 

0.016 

0.021 

0.105 

0.037 

Note:  Source  Power=13  dBm;  Amplifier  Gain=26  dB 
(for  frequency  range  60  to  1000  MHz) 


Determined  radiation  hazards  are  well  below 
permissible  levels,  for  all  frequency  bands. 

However  some  exceptions  may  happen  when  VHF  (Ist- 
band)  antenna  are  measured.  In  this  case  a  high-level  of 
interference  radiation  are  produced  by  broadcasting 
stations.  To  overlap  them  sometimes  some  increased 
powers  of  source  have  been  used.  On  a  longitudinal  axis 
of  antenna  test  range  it  produces  radiation  hazard 
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In  this  paper  concepts  of  theoretical  and 
measurement  investigation  for  predicting  signal 
decrease  in  satellite  links  due  to  the  rain  are  presented. 
Measurement  set-up  for  measuring  statistics  of  signal 
rain  induced  attenuation  is  described.  A  method  of 
theoretical  prediction  •  of  electromagnetic  waves 
scattering  by  rain  particles  is  outlined. 

1 .  INTRODUCTION 

In  satellite  communications  with  frequencies  over  10 
GHz  rain  induced  effects  play  a  fundamental  role  in 
determining  the  margin  to  be  implemented  in  the 
system’s  link  budget. 

This  problem  for  Ku  band  (12-  14  GHz)  has  been 
investigated  in  details  in  the  Institute  of 
Telecommunications  by  the  team  under  supervision  of 
A.  Kawecki.  For  higher  frequencies  (Ka  band:  20  - 
30  GHz)  up  to  now  there  has  been  no  research  of  this 
phenomenon  for  polish  climate. 

At  the  Institute  of  Telecommunications  and 
Acoustics  of  Wroclaw  University  of  Technology  there 
has  been  developed  measurement  system  for 
propagation  studies  on  satellite  link  in  20  GHz  band. 
The  system  consists  of  satellite  beacon  receiver  to 
measure  attenuation  and  scintillation  of  electromagnetic 
waves  in  satellite  link.  In  order  to  investigate  climatic 
characterization  of  Wroclaw  region  meteorological 
station  in  vicinity  of  satellite  antenna  has  been 
established.  The  data  obtained  from  measuring  devices 
are  automatically  collected  in  the  digital  computer  in  the 
format  proposed  by  European  Space  Agency  (ESA). 
This  allows  to  exchange  data  with  other  research 
institutes  and  universities  in  the  world.  The  obtained 
data  will  be  used  to  validate  existing  slant  path 
attenuation  prediction  methods  and  to  develop  new 
models. 

In  parallel,  the  advanced  research  concerning 
numerical  prediction  of  attenuation  and  scattering  by 
rain  particles  is  carried  out.  This  concerns  development 
of  new  models,  which  allow  computing  fields  scattered 
by  raindrops  in  so  called  resonance  region,  which 
covers  frequencies  under  investigation. 


Described  research  program  will  allow  presenting 
the  scientific  background  of  the  propagation  effect  and 
practical  aspects  of  link  planning.  The  research  results 
will  be  given  to  ITU-R  database  in  order  to  compare 
with  results  from  other  geographical  locations,  which 
will  give  inside  into  the  regional  and  seasonal 
differences  of  rain  attenuation. 

2.  MEASURING  SET-UP 

The  measuring  set-up  is  presented  in  Figure  I.  The 
system  consists  of  a  computer  controlled  20  GHz  signal 
receiver,  a  rain  measuring  sub-system  and  a  workstation 
with  analysis  software. 


Fig.  1.  The  measuring  system  simplified  layout. 


Propagation  terminal  continuously  measures  level  of 
the  satellite  signal  transmitted  by  the  Italsat  F2  (20  GHz 
beacon).  The  signal  is  received  by  a  reflector  antenna, 
then  processed  by  a  RF  section,  an  IF  section,  and  an 
analog/digital  receiver  monitored  by  a  PC-based  data 
acquisition  system.  The  RF  section  of  the  receiver 
includes  a  waveguide  switch  for  injection  of  a 
calibration  signal  into  the  beacon  path,  a  low  noise 
amplifier,  and  a  mixer-preamplifier  which 
downconvertes  the  RF  signal  to  an  IF  frequency.  The  IF 
section  provides  two  stages  of  frequency 
downconversion  and  produces  10  kHz  signal.  The  10 
kHz  carrier  is  sampled  at  a  1  kHz  rate  by  a  12-bit  A/D 
converter.  This  1-  kHz  data  stream  is  filtered  in  a  3-Hz 
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bandwidth  and  then  recorded  every  0.1  s  by  the  data 
acquisition  system. 

The  rain  measuring  sub-system  collects  data  from 
two  rain  gauges.  The  rain  gauges  are  of  tipping  bucket 
type  with  a  collecting  area  of  1000  sqcm  and  a  rain 
height  of  0.03  mm  for  each  tip.  The  number  of  tips  are 
stored  every  minute  by  dedicated  PC  system  equipped 
with  hard  disk. 

The  other  environment  data  necessary  for  analysis 
and  modelling  such  as  a  temperature  of  air,  humidity, 
and  a  barometric  pressure  are  collected  in  nearby  meteo 
station  of  Meteorological  Institute  (located  2  km  to 
East). 

Data  from  the  experiment  will  be  first  pre-processed 
to  ensure  that  only  valid  data  are  analysed.  Then  a  set  of 
beacon  and  weather  data  will  be  processed  to  obtain 
statistical  results  for  rain  rate,  beacon  attenuation,  fade 
duration,  and  fade  slope.  The  most  important  results  are 
cumulative  statistics  of  attenuation.  The  majority  of  that 
attenuation  is  caused  by  a  rain.  The  most  significant 
parameters  of  a  rain  are  both  its  extent  along  the  path 
and  its  intensity  (or  rain  rate).  Obtained  cumulative 
statistics  of  attenuation  will  be  then  compared  with  the 
annual  statistics  of  point  rain  rate.  The  agreement  with 
the  CC1R  recommended  rain  zone  and  attenuation 
prediction  tools  would  be  then  checked. 

All  obtained  data  and  statistic  results  will  be 
transferred  into  the  digital  format  proposed  by  European 
Space  Agency  (DAPPER  format).  This  would  allow  to 
exchange  data  with  other  research  institutes  and 
universities  in  the  world. 

3.  COMPUTER  MODELING 

The  problem  of  prediction  of  electromagnetic  fields 
attenuation  due  to  propagation  through  rain  regions 
plays  extremely  important  role  in  designing  both 
satellite  and  terrestrial  microwave  radio  links.  The 
scattering  phenomena  depend  very  strongly  on 
frequency  range  of  electromagnetic  waves.  Three  main 
frequency  regions  are  usually  defined  when  considering 
scattering  by  rain  particles: 

1 )  Rayleigh-scattering  region,  when  rain  particles 
can  be  considered  both  as  electrically  small, 
and  phase  shifts  across  particles  are  small; 

2)  Optical-scattering  region,  when  the  incident 
wavelength  is  much  less  than  the  diameter  of 
scattering  particle; 

3)  Resonance  region,  which  lies  between 
Rayleigh  and  optical  regions. 

In  the  resonance  region  no  simple  asymptotic 
techniques  could  be  used  in  order  to  describe  field-rain 
interactions.  In  fact,  the  description  of  scattering 
problem  requires  rigorous  solution  of  Maxwell 


equations.  Unluckily,  when  investigating  the  20  GHz 
frequency  band  that  is  considered  in  this  paper  this  third 
attitude  must  be  used. 

In  this  work,  a  new  simple  and  efficient  numerical 
method  has  been  applied  to  predict  scattering  by 
hydrometeors  for  the  resonance  region. 

The  method  makes  an  extensive  use  of  the  rotational 
symmetry  of  rain  particles,  which  allows  to  decouple 
the  solution  into  so  called  aziumuthal  modes  which 
considerably  reduces  the  number  of  unknowns  used  in 
the  solution  scheme.  The  method  of  moments  scheme  is 
used  to  solve  the  modal  volume  integral  equations. 

Using  this  method  it  is  possible  to  calculate  for 
example  radar  or  extinction  cross  sections  against  drops 
diameter  and  frequency. 

3.1.  Method  of  moments  solution 

The  rain  particle  can  be  understood  as  a  small 
dielectric  body,  usually  with  rotational  symmetry, 
immersed  in  the  incident  field,  which,  in  most  cases, 
can  be  approximated  with  the  plain  wave. 

There  are  two  commonly  known  methods  of  dealing 
with  dielectrics  in  electromagnetic  theory.  Both  make 
an  extensive  use  of  some  equivalence  principles.  One  of 
them  leads  to  so  called  surface  integral  equation  (S1E), 
which  is  applicable  to  homogeneous  objects  and  uses 
both  electric  and  magnetic  equivalent  surface  currents. 
The  second  one  uses  volume  integral  equation  (VIE) 
and  volume  equivalent  electric  currents. 

While  dealing  with  general  three-dimensional 
geometries  usually  surface  approach  is  preferred 
because  of  computer  resource  related  matters.  In  the 
present  case  however,  if  we  take  into  account  rotational 
symmetry  of  the  body,  in  authors  opinion,  volume 
integral  equation  approach  has  advantages  that 
overrides  its  drawbacks.  First,  we  use  only  electric 
currents,  which  makes  all  formulas  and  operators  much 
simpler.  Second,  it  allows  to  easy  model  heterogeneous 
objects. 

The  method  of  electric  field  integral  equation  (EF1E) 
construction  is  similar  to  that  used  in  another  paper  in 
this  proceedings  [1],  so  in  this  place  we  only  outline  the 
main  steps  in  solution  process: 

1)  the  solution  process  is  decoupled  into 
azimuthal  modes; 

2)  special  basis  and  testing  functions  are 
developed,  with  the  property  of  being 
divergenceless,  which  enables  further  reduction 
of  the  number  of  unknowns; 

3)  the  corresponding  set  of  algebraic  linear 
equation  is  obtained  and  solved; 

4)  far  or  near  field  solutions  are  obtained  via 
adding  solutions  for  particular  modes. 

3.2.  Validation  of  the  method 
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To  validate  the  procedure  especially  for  far  field 
calculations  we  applied  the  method  to  the  case  for 
which  SIE  solution  by  other  authors  was  available  [2,3]. 
The  comparison  of  the  results  is  shown  in  Figure  2. 


ft 


(a) 


(b) 

Fig.  2.  Plane  wave  scattering  patterns  for  dielectric 
cylinder  of  radius  a  and  height  2a.  a  =  0.25  X0,  z,  =  4. 
(a)  ^polarization,  (b)  ^polarization. 

From  above  figures,  it  can  be  found  that  the 
agreement  of  results  is  excellent  and  method  can  be 
directly  used  in  other  investigations. 

Of  course  while  investigating  rain  particles  as 
objects  of  interest  more  sophisticated  shapes  have  to  be 
used  instead  of  simple  cylinder.  Especially  important  is 
the  case  of  dielectric  sphere.  The  authors  have  made 
some  comparison  of  resonance  frequencies  of  spherical 
dielectric  objects  calculated  with  present  method  and 
with  semi-analytical  method  available  in  the  literature 
[4],  In  all  cases  the  agreement  of  results  was  within  0.5 
per  cent. 

The  full  analysis  of  rain-drop  scattering  phenomena 
will  be  presented  on  EMC’98  conference  in  Rome  [5]. 

4.  CONCLUSIONS 

In  the  paper  concepts  of  both  practical  and 
theoretical  investigations  concerning  scattering  and 
signal  decreasing  due  to  rain  phenomena  have  been 
presented.  The  measurement  set-up  is  now  under 
construction  in  Institute  of  Telecommunications  and 
Acoustics,  Wroclaw  University  of  Technology.  It  is 
hoped,  that  it  will  allow  to  perform  first  in  Poland 


investigation  of  propagation  through  the  rain  in  20  GHz 
frequency  band.  In  parallel  theoretical  models  with  the 
use  of  method  outlined  above  are  under  construction. 
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A  new  general  technique  is  suggested  for  numerical 
analysis  of  transient  electromagnetic  response  of 
large-scale  wire  structures.  The  basic  idea  is  to 
advance  of  practical  ability  of  well-known  integral 
equation  method  in  the  time-domain  by  combine  it 
with  a  traveling  waves  current  approximation 
approach.  The  specification  hybrid  technique  is 
illustrated  on  an  example  of  the  wire  plate  EMP 
simulator.  In  many  practical  cases  hybrid  technique 
provide  accuracy  similar  to  one  the  traditional 
method  of  moments  and  significant  reduce  the 
computational  cost. 

1.  INTRODUCTION 

The  transient  electromagnetic  fields  radiated  by 
wire  structures  (antennas,  scatterers,  EMP  simulators 
and  others)  can  be  calculated  by  the  numerical  method 
of  moments  for  the  integral  equations  in  the  time- 
domain  (TD  MoM)  [1-3],  MoM  is  perhaps  the  most 
universal,  accurate  and  developed  numerical  technique 
for  solving  scattering  and  radiation  problems  in  EMC. 
However,  this  method  is  intractable  for  the  large-scale 
structures  because  an  excessive  number  of  unknowns 
are  required  in  formulation  and  computers  resources 
are  limited. 

On  the  other  hand  the  transient  current  on  the 
same  wire  structures  can  be  approximated  by  the 
traveling  waves  (TW)  [4,5],  Advantages  of  this 
approach  are  simplicity  of  program  realisation  and 
minimum  requirements  to  resources  of  the  computers. 
In  many  practical  cases  TW  approach  gives  good 
results.  However,  in  problems  where  the  structure 
contains  various  irregularities  (curved  wires,  complex 
wire  junctions,  resistive  load  and  etc.),  the  behaviour 
of  a  current  can  poorly  be  described  by  a  sum  of 
traveling  waves.  In  these  cases  the  TW  gives  only 
rough  estimation  of  electromagnetic  characteristics. 

In  this  paper  a  new  hybrid  technique  is  enunciated. 
This  technique  combine  the  TDMoM  with  TW  in 
single  algorithm.  The  presentation  is  organised  as 
follow.  In  section  2  and  3  we  briefly  formulate  our 
form  of  TD  MoM  and  TW.  In  section  4  we  will 
introduce  hybrid  method.  In  section  5  numerical 
results  based  on  hybrid  approach  are  presented  and 
discussed. 


2.  SPLINE  MOM  FORMULATION 


Using  thin-wire  approximation,  the  time-domain 
integro-differential  electric  field  equation  we  used  has 
the  general  form  [1], 

Z(j)/(M)+ 
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where  I  is  the  current  to  be  found,  E°  is  the  known 
incident  electric  field,  p=p(s)  is  the  wire  radius,  s  and 
s'  are  unit  tangent  vectors  to  wire  axis  contour  S  at 
position  s  =  s(r)eS  +  p  and  s'  =  s'(f')eS 

respectively,  R-r  —  r',  R  =  |r| ,  c  is  the  velocity  of 


light  in  vacuum,  r=t-R/c  is  the  retarded  time,  Z  is  the 
resistive  load  (in  Ohms/m),  p0  is  the  vacuum 
permeability,  Q  is  the  charge  distribution  that  can  be 
expressed  in  terms  of  current  using  the  equation  of 
continuity 

t 

(2)  e(s,o=-J|-/(5,^. 

0 

In  addition  to  (1),  (2)  the  initial-value  conditions 
we  used 

(3)  7(5,0)  =  f/(5,0U  =  2(5,0)  -  J-2(5,o|,=0  =  0, 


5  eS. 

We  shell  now  define  the  numerical  scheme  to 
resolve  problem  (1)  -  (3). 

Let  us  introduce  the  time  gridpoints  by 
L,=(m-l/2)8,  m=0,l,  -M+l,  where  5=7’max/M  We 
assume  that  geometry  of  structure  can  be  modeled 
using  straight  wires.  Then  the  structural  geometry  for 
S  is  described  in  terms  of  location  of  first  and  second 
wire  nodes  at  each  wire  making  up  the  structure.  Let 
us  assume  that  K  is  the  number  of  straight  wires  and 
that  7-th  wire,  \<k<K  is  strings  from  node  uK,  to  node 
u^2  and  local  wire  coordinate  5  such  that  0 <s<Lk  , 
where  Lk  is  the  length  of  7-th  wire.  Let  us  introduce 
the  wire  (spatial)  mesh  through  division  of  a  wire  into 
segments  of  identical  length  with  centers 

5„=(/-l/2)7*,  i=l,2,...,Nk,  0  -  local  wire  index); 
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k-1 

nkJ=l  +  ^Nh  1  <k<,K\ 

1=1 

(«  -  global  structure  index);  hv=L/Nk,  h=\,2,...,K. 
In  result  we  get  wire  structure  in  a  segments  form 

(«  s=Us-  W=2X 

n-1  k=l 

For  each  segment  S„ ,  \<ji<N  we  denote  by  Jnj  and 
J„i2  the  set  of  segments  connected  to  the  first  and  to  the 
second  end  of  segment  respectively  and  connection 
coefficients  such  that: 


if  SpeJ„j,  then  anp 
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{“A  if  Sn  e^p,i'> 


if  SpeJn2,  then  anp 


| A  if  S„  e  Jp  l, 
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Observe  that  ct„p=ctp„. 

Let  us  introduce  the  current  on  structure  (4)  at 
0  &ZTm. 

N  M+l 
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y  n  =  4  /  P  -  A„  (n„j  +  |x„2)],  n  =  2,2, ....  AT. 

Charge  at  |f-/m|<8/2,  /w=l,2,...^W  we  determine  in  a 
form: 

(6) 
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Functions  5m(r)  and  F„(s)  are  the  well-known 
polynomial  5-splines  of  order  two.  Note  that  V„(s)  has 
a  specific  form  near  the  wire  ends  (junctions)  only. 
Charge  distribution  (6)  is  the  polynomial  spline 
function  of  order  one  on  spatial  and  order  three  on 
time. 

Current  (5)  and  charge  (6)  have  the  following 
properties: 

1) .  Current,  charge  and  their  temporal  and  spatial 
derivatives  included  in  (l)-(3),  are  continuous  at 

on  each  wire  i.e.  at  0<s<Z,*,  k=l, 2, 

2) .  In  wire  junctions  at  0<tsTIIWX  Kirchoff  s  law  for  a 
current  is  satisfied  and  charge  is  continuous; 

3) .  Equation  of  continuity  (2)  and  initial  conditions  (3) 
are  satisfied. 

Hence,  the  current  and  charge  approximations  (5), 
(6)  correspond  to  a  physicals  nature  of  a  current  and 
change  and  are  coordinated  on  a  level  of  continuity 
with  a  mathematical  formulation  (l)-(3). 

The  delta-functions  used  as  weighting  functions 
are  situated  at  the  centers  of  the  space  segments  s=sn 
and  at  the  temporal  gridpoints  t=tm  for  MoM 
formulation  in  a  point-matching  form.  These 
weighting  functions  and  current  and  charge 

approximations  (5),  (6)  allows  us  to  transform  the 
integral  equation  (1)  into  the  linear 

system  of  equations.  In  operator  notation 

Aim  =  FVm-t\ Qm-b  2  <  /  ^  m  -2)  +  E°tL{t„), 
m-  2,3,...,M, 

where  Ij,  Qj  eRN  are  vectors  of  current  and  charge 

spline-coefficients,  e RN  is  the  vector  of 

tangential  incident  field  at  time  /=/„. 

The  matrix  A  is  a  matrix  of  interaction,  whose 
elements  are  time  independent.  They  depend  only  on 
the  geometry  and  on  the  resistive  loading  of  the 
structure.  This  NxN  matrix  has  a  large  number  zero 
elements  (sparse  matrix).  This  factor  is  very  important 
for  solving  the  linear  system  of  equation  by  the  direct 
or  iterative  techniques. 

Finally  we  get  the  time-stepping  procedure  to 
determine  induced  currents.  The  induced  currents  are 
then  used  to  find  the  time-depended  radiated  or 
scattering  fields. 

Spline  TD  MoM  method  is  realised  in  computer 
program  WIRES  [3], This  code  allowes  to  compute 
current  and  charge  distribution,  radiated  or  scattered 
transient  fields,  frequency  characterictics  and  etc.  for 
an  arbitrary  thin-wire  structure  which  has  been  excited 
with  a  specified  time-varying  field. 

3.  TW  FORMULATION 

The  transient  electromagnetic  field  produced  by 
traveling  wave  of  current  on  linear  wires  is  considered 
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in  number  of  work  [4,5],  However,  we  shall  fulfill  all 
calculations,  anew  to  receive  more  simple  and 
physically  evident  formulas,  in  additions  we  shall  use 
a  usual  method  of  potentials. 

We  shall  find  an  electromagnetic  field  of  a  piece  of 
a  linear  filament  with  traveling  along  an  axis  z  wave 
of  a  current.  The  vector  of  volume  density  of  a  current 
is  determined  by  following  expression 

A  \ z0I(ct -  z)5(»5(y),  0<,z  <,  L; 

j(x,y,z,t)  =  < 

[0,  z<0,z>L ; 

where  z0  -unite  vector  along  an  axis  z;  7(ct-z)  - 
traveling  wave  of  a  linear  current;  I(x)  -  arbitrary 
continuous  function,  l(x£0)=0. 

Linear  density  of  charge  along  a  filament  includes 
end  dot  charges: 


i 

Q(z,t)  =  -j 


8I(ct-z) 


— I(ct  -  z)  -  q(ct)8(z)  +  q(ct  -  L)5(z  - 1),  0  <,  z  <.  L\ 
c 

0  z<0,z>L\ 


1  ^ 

where  q(ct)  =  —j  I(x)dx. 


We  shall  find  electrical  and  magnetic  fields  with  the 
help  of  traditional  potentials,  but  we  shall  separate 
terms  from  a  traveling  wave  and  dot  charges. 

E  =  Etw+Eq,  £ft*=~S-gra dcpr*,  Eq  =  -grad<j>9, 


2sB, 

4n  J  r 
o 

1  1  r  I(ct  -s-r) 

<Pfw=“ - - C 

4-KEn  cJ  r 


(Pq=~ - 

’  4U£q  C  • 


1  1  f  f“  <7(cf  _  r)&(s)  +  <l(ct  -L-  r)5(s  -  L)j 


where  r~r(s)=  -Jx2  +  y2  +  (z  -  s)2  -  distance  between  a 

point  of  observation  and  point  of  integration. 

By  carrying  out  operation  of  differentiation  and 
integration  there,  where  it  is  possible,  we  shall  receive 

£  =ll  IhL  fJ(ct~ro)  ,  cq(ct-r0)\ro 
q  V  e0  (  r0  )r0 


I(ct  -  L-rL)  cq(ct -  L  - rL))  rL 

r.  - 


II  =  —xoi{z0A)  =  —  [grad^l  x  z0]  = 


=  ^qjZq  [grad^nv  X  Zo\  =  x 

where  r ,  r0  =  r(s  =  0),  rL  =  r(s  =  L)  -  vectors  of 
distances,  drawn  accordingly  from  a  points  of 
integration,  beginning  and  end  of  a  segment  in  a  point 
of  observation. 

Expression  for  E^  we  shall  transform  as  follows. 
We  shall  present  r  as  r  =  pp0  +(z-J)z0,  where 


p  -  -Jx2  +y2  and  po 


an  unite  radial  vector  in 


cylindrical  system  of  coordinates.  For  each  of  two 
components  of  a  vector 

Etw  =(Etw,Po)po+(Ehv,Zo)^o  we  shall  cany  out 

change  variable  u  =  s+r  =  s+-Jp2  +(z-s)2  and  shall 

integrate  in  parts  terms,  containing  derivative  of  a 
current,  thus  the  integral  members  will  be  reduced.  In 
result  we  shall  receive: 


P-o  \Hpt-r0)  pp o 


An\e0  {  r0 
I(ct  —  L  —  rh) 


-z0  - 


r0~(z~L ) 


The  expression  for  E  =  E^  +  Eq  is  transformed  to 
known  one  of  [4]  and  [5],  if  to  take  into  account,  that 
PP o  ^  r-rz0  r  |  zr-r2z0 

r-{z-s)  Z°  r  -  (z  -  s)  r  r(r  -  (z  -  s))  ’ 

The  derived  formulas  are  realised  in  the  program 
module  TWW,  which  can  be  used  as  in  structure  of 
other  programs  and  separately. 

It  allows  to  calculate  a  transient  electromagnetic 
field  of  wire  structure  with  given  traveling  waves  of 
currents. 

For  structures  as  the  wire  plate  simulator  the 
determination  of  cross  distribution  of  currents  in 
TWW  is  made  otherwise  than  in  [5],  and  is  not 
prescribed  but  calculated.  We  assume,  that  in  the 
region  of  excitation  wires  of  the  simulator  have  the 
conic  form  and  converge  to  the  dot  voltage  generator. 
A  position  and  the  cross  sizes  wires  are  set.  The 
distribution  of  charges  and  currents  in  spherical  TEM 
wave  is  found  from  the  decision  of  an  electrostatic 
problem  for  an  equivalent  cylindrical  line.  Such 
method  allows  more  precisely  to  take  into  account 
peculiarities  of  wire  structure  of  the  simulator. 

The  impulses  of  fields,  calculated  with  the  help 
TWW  are  only  the  first  estimation.  However  the  initial 
part  of  impulses  of  fields,  which  determines  front  and 
amplitude  and  which  is  formed  by  a  section  of  a 
uniform  conic  line,  is  calculated  quite  correctly  and 
coincides  with  MoM  solution. 
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Fig.  1. Structural  geometiy  of  the  simulator 


Testing  the  program  TWW  by  data  from  [5]  has 
shown  complete  concurrence  of  results. 

4. HYBRID  FORMULATION 

Hybrid  method  combine  the  TDIE  with  TW- 
approach.  The  wire  structure  is  divided  in  two  part. 
First  TW-part  include  generator  and  regular  part  of 
structure.  All  irregularities  (curved  wires,  wire 
junctions,  resistive  load  and  other)  are  on  second  or 
MoM-part  of  structure.  Currents  on  the  TW-part  are 
approximated  by  a  sum  of  the  primary  (propagating 
from  the  generator)  and  reflected  traveling  waves. 

We  shall  formulate  a  method  for  structures  as  the 
wire  plate  EMP  simulator,  shown  on  fig.  1.  The 
simulator  is  composed  of  two  flat-plate  transmission¬ 
line  sections  which  are  approximated  by  Ns 
longitudinal  thin  wire  contours  and  located  on 
perfectly  conducting  ground  plane.  Each  wire  contour 
is  excited  at  point  O.  Resistive  load  is  distributed  on  a 
second  flat-plate. 

On  an  example  of  this  structure  a  principle  of 
division  on  TW  and  MoM  part  is  well  illustrated. 
From  physical  reasons  follows,  that  TW  approach  well 
corresponds  to  a  first  conical-plate  of  structure  S^, 
fig.  1.  The  current  on  a  second  part  Smom  in  general 
can  be  determinated  by  MoM  only. 

We  shall  now  define  the  formal  description  of  a 
hybrid  method  using  section  2  designation.  Let  the 
structure  S  is  divided  into  two  adjoining  parts 

S  ~  S tw  Smom’  S/mi  Smom  ~  |.S0,  /  =  l,2,...,A^j  . 

If  5  is  a  local  coordinate  of  ;-th  contour,  then  part 
0£s£s'0  belongs  and  other  part  s'0  <,s^ Lf 

belongs  Smom.  Current  at  S&  we  determine  in  a  form 
J(s,t)=aif(t-s/c)  + 

(7) 

+  I(s‘0,t+(s-s,0)/c-aif(t+(s-2s'0)/c ) 
0Zs<Zs,o,i  =  J,2,...,NS 

where  J{t)  is  the  known  function,  ab  i=l,2,...,Ns  are 
the  amplitudes,  which  get  out  according  to  static 


charge  distribution  at  region  of  source-point  O  (see 
section  3).  The  current  at  Smom  is  the  spline  (5).  Hence, 
J(s,t)  is  the  sum  of  a  primary  and  reflected  wave.  The 
form  of  a  reflected  wave  is  defined  through  the  spline- 
current  on  Smom.  Using  above  results  (section  3)  and  by 
substituting  (7)  in  (1)  we  get  the  integral  equation  (1), 
which  stands  on  Smom  only.  In  this  equation 

E°(s,  t )  =  £^(5,0-  Efw(s’  0, 
where 


ro  -  m' 


N, 

i=l 


x  r^lTl-'  ?  +[l(j0,t-rlil c)- a,f(ct -rj, jpA.'.fy** 
rl,i  -  n.iSi  '  ’  r,  j  +  r,  jSj 


where  r0  =  ro(s,0),  r;>,  =  >7,(5, 4),  i  =  1,2,...,N5  are 
vectors  of  distances  up  to  a  source  and  up  to  points  of 
continuity  s'0,  is  a  similar  expressions  for  a  field 
of  image  of  structure. 


A  condition  of  current  continuity  at  s  =  s'0  we  used 
has  the  form 

(8)  (81  181  2  ,,,  ,  > 

=  T - ~  +  -f\t-slc)\  =0 

Vds  cdt  c 

Using  representation  of  a  current  (5),  we  get 
(di  _  yaA  _  i 

\ ds  C  8tJ  s=sn  - 


c  dtJ\s=SQ 

t=t°-5/2 


where  8  is  the  temporal  grid  step,  A;  is  the  spatial  grid 
step  at  i-th  wire.  Then  the  condition  (8)  will  be 
transformed  to 


7 0,m  —  h,m-l  +  c  ’  f'[fm  s0  ^  c)  ■ 

Is  thus  determined  all,  that  it  is  necessaiy  for  the 
solution  of  a  problem  (l)-(3)  on  a  Smom. 

It  is  known,  that  the  MoM  in  cases,  when  it  to  be 
applied,  gives  good  results  with  high  accuracy.  In 
principle,  goal  of  a  hybrid  method  is  a  good 
approximation  of  the  solution,  received  by  a  MoM. 
The  initial  part  of  a  fields  in  the  working  area  of  the 
simulator  is  defined  by  TW-current  on  and  is 
calculated  analytically  quite  correct.  The  basic  source 
of  an  error  of  a  hybrid  approach  is  form  reflected 
wave.  In  general,  this  error  grows  with  grown  of  a 
share,  which  makes  a  from  S.  Therefore  at 
application  of  a  hybrid  method  it  is  important  to  lead 
correct  division  of  the  structure. 


5.  RESULTS 


In  this  section  we  present  same  results  obtained  by 
hybrid  approach. 

Structure  studied  was  a  simulator  (fig.  1)  of  length 
Z,=90  m,  height  77=15  m,  width  AB= 20  m,  number  of 
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Fig.  2.  Vertical  electric-field  pulse  in  working 
region  :  x=65  m,  y= 0  m,  z= 0  m. 


longitudinal  wires  N,=6.  The  simulator  was  mounted 
on  a  perfectly  conducting  plane  and  fed  at  point  O  by  a 
source  voltage  of  a  form  I/(/)=exp(-a/),  a=2.7-108 1/s. 

On  a  fig.2  calculated  vertical  electrical-field  pulses 
in  the  working  region  x=65  m,  y= 0,  z=  0  are  shown. 
The  pulses  are  calculated  by  various  method:  spline 
MoM  for  all  structure,  TW  for  all  structure,  hybrid 
method  with  various  division  on  TW  and  MoM  parts 

i.e.  with  various  R=xJxA. 

From  these  data  follows  that  a  hybrid  method 
provide  accuracy  similar  to  one  the  MoM  for  all 
structure  if  R< 0.7.  The  number  of  unknowns  at  the 
solving  of  the  integral  equation  decreases  about  40% 
and  computer  CPU  time  decreases  more  than  twice. 
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Abstract.  In  satellite  communications  at  currier 
frequencies  above  10  GHz,  scintillation  when 
superposed  to  rain  attenuation  may  play  a  significant 
rote  in  determining  the  power  margin,  especially  for 
low  availability  systems  with  low  elevation  angle  and 
low  gain  antennas.  The  assessment  of  the  linkage 
between  rain  attenuation  and  scintillation  during  rain 
are  then  necessary  to  belter  use  a  given  system  capacity. 
Matricciani  el  al.  found  that  the  statistical  relationship 
between  l-s  averaged  rain  attenuation  (A,  in  decibels) 

and  standard  deviation  (a.  in  decibels)  of  simultaneous 
tropospheric  scintillation  in  l-s  intervals  can  he  fitted 

by  the  power  law  a-=  CA5/'2  derivable  from  a 
turbulent-thin  layer  model.  This  relationship  has  been 
validated  by  using  high-resolution  (50  samples/s) 
expei  imental  12.5  and  19.77  GHz  attenuation  time 
series  recorded  at  Spina  d'Adda  (45.4°N)  in  a  30.6° 
slant  path  to  satellite  Olympus  during  an  observation 
time  of  approximately  /  year.  In  this  contribution  we 
describe  the  analysis  procedure  we  intend  to  apply  to 
the  time  series  which  will  be  recorded  in  Wroclaw  with 
ha! sat  experiment  in  1998  and  1999  to  validate  the 
turbulent-thin  layer  mode!  in  the  case  of  smaller  gain 
antenna  in  a  new  climate  region. 


1.  INTRODUCTION 

I  he  propagation  studies  concerning  satellite 
communications  have  been  recently  more  and  more 
deeply  involved  in  the  scintillation  characterisation. 
Using  frequencies  above  20/30  GHz  and  low  elevation 


angle  for  earth-to-space  link,  especially  in  low- 
availability  systems,  it  becomes  mandatory  to  consider 
the  influence  of  the  tropospheric  turbulence,  to  correctly 
determine  the  margin  in  the  system's  link  budget. 

So  far,  the  exact  correlation  between  rain  and 
scintillation  is  not  clearly  assessed  in  the  literature.  Filip 
and  Vilar  [1]  assume  that  rain  attenuation  and 
scintillation  are  statistically  independent.  Karasawa  and 
Matsudo  [2]  conclude  that  the  two  phenomena  might  be 
treated  independently,  though  they  find  a  \veak 
dependence.  On  the  contrary,  Matricciani  et  al.  [3,  4] 
prove  theoretically,  and  verify  experimentally,  that  the 
two  phenomena  are  statistically  linked  at  a  carrier 
frequencies  (12.5  and  19.77  GHz)  for  which  scattering 
due  to  hydrometeors  is  not  yet  comparable  to  turbulence 
scintillation  [5].  They  theoretically  derived  the 
following  statistical  relationship  between  rain 
attenuation,  A  (dB),  averaged  over  1  second,  and  the 
standard  deviation  of  simultaneous  tropospheric 
scintillation,  a  (dB),  calculated  for  I  s  intervals  by  using 
50  samples: 

<5  =  CAsn2  (I) 

The  constant  C  has  been  determined  using  1  sample/s 
time-series  of  simultaneous  scintillation  standard 
deviation  and  rain  attenuation  recorded  at  Spino  d'Adda 
(45.4°N),  with  a  3.5  m  diameter  antenna,  in  a  30.6° 
slant  path  to  satellite  Olympus,  during  an  observation 
time  of  approximately  1  year,  and  has  been  found  equal 
to  0.068  at  12.5  GHz  and  to  0.039  at  19.77  GHz. 

The  model  of  equation  (1)  ( turbulent-thin  layer  model) 
still  needs  a  validation  in  experimental  conditions  where 
scintillation  effects  are  more  important,  such  as  for 
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smaller  gain  antennas.  To  this  purpose,  the  italsat 
propagation  experiment  which  will  be  carried  out  in 
Wroclaw  (Poland)  using  an  earth-terminal  of  1.2  m 
diameter  and  at  an  elevation  angle  of  3  1.4°  (practically 
equal  30.6°  to  satellite  Olympus  at  Spino  d'Adda)  is 
very  significant.  It  is  also  interesting  to  verify  the  model 
in  a  new  climate  region. 

In  Section  2  we  describe  the  analysis  procedure  which 
will  be  used  ;(aflcr  Matricciani  et  al.  [3,  4])  to  further 
validate  the  turbulent-thin  layer  model  experimentally, 
by  means  of  the  Italsat  attenuation  time  series  to  be 
recorded  at  Wroclaw.  In  Section  3  we  outline  the 
experimental  ■  set-up  of  the  Italsat  propagation 
experiment  al  Wroclaw,  while  in  Section  4  we  will 
present  a  schedule  of  the  experiment.  In  Section  5  some 
conclusions  are  drawn. 


2.  DATA  PROCESSING 


To  distinguish  between  rain  attenuation  (i.e.  signal 
amplitude  variation  caused  by  absorption  and  scattering 
by  hydrometcors)  and  scintillation  (i.e.  signal  amplitude 
variation  caused  by  tropospheric  turbulence),  we  must 
separate  the  two  effects  as  much  as  possible  by  filtering 
the  experimental  time  series.  To  this  purpose  a  spectral 
analysis  is  needed.  With  the  power  spectra  of 
attenuation  time  series  is  possible  to  assess  the 
frequency  range  in  which  there  is  a  change  in  the  nature 
of  the  physical  phenomenon  causing  amplitude 
fluctuations.  As  rain  attenuation  has  most  of  its  power  at 
the  lowest  frequencies  and  in  this  range  this  power  is 
much  larger  than  that  of  scintillation,  1  sample/s  time 
series,  i.e.  the  conventional  rain  attenuation  time  series 
usually  recorded,  is  sufficient  for  the  spectral  study.  The 
average  power  spectra  of  several  events  is  given  by  the 
following  equation 


s(/)  =  io 


^XloBm.V<(/) 


(2) 


which  maintains  constant  the  logarithmic  slopes  and 
thus  allows  to  compare  the  experimental  results  with 
theory  (equation  also  used  in  [3]).  An  example  of 
average  power  spectrum  of  attenuation  time  series  at 
12.5  GHz  is  shown  in  Figure  I.  Notice  that  the 
theoretical  -20  dB/decade  slope  due  to  rain  [6]  is  valid 
up  to  about  0.02  or  0.03  Hz,  beyond  which  other  effects 
are  prevalent,  as  confirmed  by  the  change  in  spectrum 
slope. 

Figure  2  shows  an  example  of  power  spectrum  of  a 
single  event,  in  which  turbulence  with  a  spectrum  slope 
of  -80/3  dB/dec  (i.e.,/  in  natural  units,  [2,  7])  is 
evident. 

It  is  then  possible  to  estimate  bulk  rain  attenuation  time 
series,  referred  to  as  “rain  attenuation”,  from  the 
original  time  series  by  a  low-pass  filter  with  a  cut-off 
frequency  equal  to  the  spectral  component  separating 


the  rain  and  turbulence  effects  (0.025  Ilz  in  the  case  of 
Figure  1). 


Figure  l.  Average  power  spectral  density  of  31  events 
(original  data  averaged  over  I  second;  satellite; 
Olympus;  frequency:  12.5  GHz;  antenna  diameter  3.5 
m;  slant  path  elevation:  30.6°);  total  time  is  92.18  hours 
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Figure  2.  Power  spectral  density  of  attenuation  (original 
data  averaged  over  1  second;  satellite:  Olympus: 
frequency:  12.5  GHz;  antenna  diameter  3.5  m;  slant 
path  elevation:  30.6°)  for  one  event;  date  21  September 
1992  [4], 

To  complement  the  previous  analysis  and  to  obtain 
scintillation  time  series,  the  original  time  series  must  be 
filtered  by  high-pass  filter  with  cut-off  frequency  equal 
to  that  of  low-pass  filter  used  for  rain  attenuation. 
Intervals  of  scintillation  stationarity  should  then  be 
identified  by  visual  inspection,  for  each  interval,  of  the 
probability  distribution  of  the  amplitude,  to  assess  that  it 
is  well  modeled  by  the  Gaussian  probability  distribution 
with  zero  mean,  as  predicted  by  the  theory  and 
experiments  [7-9].  Finally  with  the  average  power 
spectrum  of  scintillation,  calculated  according  to 
equation  (2),  the  possible  high  frequency  components 
due  to  receiver  noise  can  be  filtered  out.  In  Figure  3  an 
example  of  average  spectrum  of  50  samples/s  high-pass 
filtered  time  series  is  shown.  We  notice  that  the  receiver 
carrier-to-noise  ratio  permits  observation  of  frequency 
components  up  to  about  3  Ilz.  beyond  which  the 
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receiver  (white)  noise  appears.  We  also  notice  decay 
very  close  to  the  theoretical /"  3  above  0.03  Hz  while 
the  smoother  decay  below  0.03  Hz  is  likely  due  to 
changes  in  the  scintillation  spectrum  from  one  event  to 
another  [3], 


The  rain  rate  measuring  subsystem  consists  of: 
-  two  rain  gauges  (tipping  bucket  type) 


-PC. 


OUTDOOR  j  INDOOR 


Figure  4.  The  measuring  system  layout. 


Figure  3.  Average  power  spectral  density  of 
scintillation  for  the  7 1  intervals  of  stationarity.  Original 
time  series  at  50  samples/s  high-pass  filtered  with  cut¬ 
off  frequency  0.025  Hz;  satellite:  Olympus;  frequency: 
12.5  GHz;  antenna  diameter  3.5  m;  slant  path  elevation: 
30.6°  [4], 

In  the  end  we  can  produce  two  concurrent  time  series, 
one  for  “rain  attenuation"  only,  and  one  for 
“scintillation”  standard  deviation  only,  the  latter 
obtained  by  the  band-pass  time  series.  At  this  step,  it  is 
then  possible  to  verify  the  relationship  of  equation  (1) 
also  for  the  Wroclaw  data. 


3.  EXPERIMENTAL  SET-UP  AT  WROCLAW 

Wroclaw  measurement  system  is  prepared  for  reception 
ot  the  ITALSAT  1*2  beacon  transmitted  with  linear 
vertical  polarisation  at  frequency  of  18.6  GHz. 

The  main  functions  of  th?  system  are: 

-  evaluation  of  the  attenuation  and  scintillation  relative 
to  the  changes  of  the  beacon  signal  level  due  to 
atmospheric  phenomena 

-  measurement  of  the  actual  rainfall  intensity. 

The  system  can  be  divided  into  the  following 
subsystems: 

-  receiving  subsystem 

-  rain  rate  measuring  subsystem 

-  gain  calibration  subsystem 

-  data  processing  subsystem. 

The  receiving  subsystem  consists  of: 

-  1.2  m  dual  reflector  antenna 

-  1 8.6  GI  Iz  low  noise  front  end  (LN A) 

-  down  converter 

-  beacon  detector 

-  personal  computer  (PC) 

The  beacon  detector  provides  PC  with  received  signal 
level  in  digital  format.  The  data  are  acquired  and  stored 
continuously  on  hard  disc  of  PC. 


The  rain  gauges  are  placed  in  the  vicinity  of  receiving 
antenna.  Two  rain  gauges  are  used  to  ensure  unfailing 
work  of  the  system.  The  rain  gauges  are  of  tipping 
bucket  type  with  a  collecting  area  of  1000  sqcm  and  a 
rain  height  of  0.03  mm  for  each  tip.  The  numbers  of  tips 
are  stored  every  minute  by  dedicated  PC  system 
equipped  with  hard  disk.  The  data  are  stored  in  a 
special,  memory  saving,  format. 

Gain  calibration  subsystem  is  used  to  evaluate  the 
correction  of  receive  chain  gain  with  respect  to  the 
nominal  gain  value.  During  the  calibration  phase  the 
reference  level  signal  is  injected  at  the  LNA  input  and 
then  correction  factor  is  established. 

Both  PCs  work  independently  and  are  connected  by 
local  network  with  Pentium  233  computer  used  for  the 
data  processing  functions,  error  correction  and  statistical 
analysis. 


4.  PROPAGATION  EXPERIMENT  AT  WROCLAW 

The  first  stage  of  propagation  experiment  in  Wroclaw  is 
planned  to  start  in  March  of  1998.  The  rain  rate 
measuring  subsystem  will  be  set  up  on  the  roof  of  WUT 
C-5  building.  The  beacon  receiving  subsystem  is  to  start 
working  in  June  1998.  The  other  significant  physical 
parameters  necessary  for  modelling,  such  as  local 
temperature  and  humidity  will  be  taken  from  metco 
station  of  Meteorological  Institute  located  2  km  East  to 
C-5  building. 

The  data  will  be  processed,  as  they  are  collected.  Then 
propagation  database  with  statistics  of  main  propagation 
parameters  will  be  created.  The  software  for  generation, 
keeping  and  using  the  database  is  the  one  developed  at 
ESA-ESTEC  for  the  Olympus  Propagation  Experiment. 
The  main  results  of  propagation  experiment  at  Woclaw 
will  be  a  cumulative  distribution  of  rain  intensity  and 
total  attenuation  of  the  Italsat  beacon  for  the  period  of 
measurements.  A  detailed  study  of  slant  path 
scintillation  will  be  also  performed  by  analysing  the 
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experimental  data  to  determine  statistics  for  fading  and 
enhancement  of  the  satellite  signals. 

5.  CONCLUSION 

The  main  purpose  of  20  GHz  telemetry  beacon  of 
ITASAT  F2  is  to  relay  to  ground  telemetry  data  and 
spacecraft  tracking  by  earth  stations.  But  thanks  to  its 
high  131 RP  and  coverage  of  large  part  of  Europe 
ITASAT  F2  satellite  offers  possibility  of 
characterisation  of  satellite  radio  channel  by  attenuation 
and  scintillation  measurements.  The  data  collected  in  as 
many  as  possible  locations  are  fundaments  for  working 
out  universal  designing  tools  necessary  for  the  future 
advanced  satellite  systems. 

Wroclaw  measurement  campaign  will  contribute  to  the 
improvement  of  the  existing  model  in  the  following  area 

-  the  separation  of  rain  attenuation  and  scintillation 

-  the  turbulent-thin  layer  model  validation 

-  the  evaluation  of  statistics  of  rain  attenuation  and 
scintillation  for  various  sites 

-  the  prediction  of  rain  attenuation  and  scintillation 
from  ground  meteorological  measurements. 
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The  subject  of  this  paper  are  the  results  of 
investigations  of  the  influence  of  the  synoptic 
situation  on  propagation  conditions  of  VHF  and 
UHF  radio  waves  in  the  south  of  the  Baltic  Sea  and 
the  coastal  region  of  Poland.  The  obtained  results 
show  that  the  influence  of  the  so  called  character  of 
atmospheric  circulation  on  the  field  strength  is 
substantial  to  a  high  degree.  Also  the  air  mass 
affect  essential  the  propagation  conditions  of  the 
above  mentioned  radiowaves,  especially  in 
summer. 

1.  INTRODUCTION 

The  atmospheric  refraction  is  one  of  the 
phenomena  in  the  troposphere  which  affect  the 
propagation  conditions  of  VHF  and  UHF  radio 
waves.  The  atmospheric  refraction  depends 
essentially  on  the  climate  of  a  given  region.  That  is 
why  regional  properties  of  atmospheric  refraction 
are  still  investigated  [1],  [2],  Results  of  studies  in 
that  field  are  of  great  importance  for  fulfilling  of 
EMC  conditions  in  radiocommunication  systems. 

A  comprehensive  study  of  the  radio  climate  of 
the  coastal  region  of  Poland  has  been  carried  out 
at  the  Technical  University  of  Gdartsk  during  last 
years  [3],  The  attention  was  fixed  on  such  problems 
related  to  atmospheric  refraction  as  the  following 
subjects: 

-  regional  reference  atmospheres  [4], 

-  radiometeorological  parameters, 

-  the  gradient  of  the  radio  refractive  index  in  a 
near  the  ground  layer  of  the  troposphere,  and 

-  the  influence  of  the  radio  refractivity  on 
coverage  in  the  coastal  zone  of  Poland. 

It  follows  from  the  obtained  results  that  the  radio 
climate  within  the  coastal  region  of  Poland  differs 
from  the  average  ITU-R  data  [5],  So  one  should 
use  regional  data  originating  from  the  area  of 
interest  when  analysing  radio  systems  in  the  VHF 
and  UHF  bands. 

In  the  above  mentioned  study  propagation 
conditions  of  radio  waves  in  the  VHF  and  UHF 


bands  were  investigated,  too.  The  subject  of 
interest  was  the  influence  of  the  synoptic  situation 
on  the  distributions  of  the  field  strength.  The  aim  of 
this  paper  is  to  present  some  results  obtained  in 
that  study  elaborated  from  that  point  of  view. 

2.  THE  RESEARCH  METHOD 

in  the  study  records  of  the  field  strength  of 
radio  broadcasting  stations  operating  in  the  100 
MHz  band  in  the  region  of  the  south  of  the  Baltic 
Sea  were  analysed.  The  presented  below 
results  were  obtained  on  a  320  km  over  horizon 
path  ( in  majority  a  sea  path  )  Emmaboda  -  Gdansk 
at  the  frequency  of  96,7  MHz,  shown  in  Fig.  1 .  The 
profile  of  the  propagation  path  is  drawn  in  Fig.2. 
These  measurements  were  carried  out  in  the 
summer  season  because  of  the  large  variability  of 
the  atmospheric  refractivity  in  that  period.  The 
presented  results  were  acquired  analysing  an 
about  250  records  set. 


Fig.1  The  region  of  the  propagation  path 


Fig.2.  The  profile  of  the  propagation  path 
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Each  individual  record  was  30  minutes  long  in 
time.  The  outcome  of  the  statistical  analysis  of  a 
single  record  were  among  other  statistical 
parameters  the  mean  value,  as  well  as  the 
standard  deviation  of  a  30-minute  field  strength 
value  distribution. 

The  fluctuations  of  the  field  strength  were 
examined,  too.  The  frequency  of  the  field  strength 
fluctuations  in  a  single  30-minutes  record  was 
defined  as  the  number  of  passages  of  the  field 
strength  course  through  the  field  strength  mean 
level  of  that  record. 

Parameters  characterising  the  30-minutes 
individual  records  formed  the  general  population 
analysed  by  means  of  statistical  methods. 

The  influence  of  the  synoptic  situation  was 
studied  taking  into  account  the  so  called  character 
of  the  atmospheric  circulation  and  the  air  mass. 
The  distributions  of  the  field  strength  parameters 
had  been  investigated  by  means  of  variance 
analysis,  taking  into  account  the  day  cycle,  too.  It 
was  found  that  the  influence  of  the  character  of  the 
atmospheric  circulation  on  distributions  of  field 
strength  parameters  is  particularly  important. 

The  character  of  the  atmospheric  circulation 
was  classified  taking  into  account  the  location  of 
the  main  atmospheric  circulation  areas,  i.e.  the 
anticyclone  (high)  and  the  cyclone  (low)  in  relation 
to  the  propagation  path.  The  following  3  characters 
of  the  atmospheric  circulation  were  applied: 

-  AA  -  the  region  of  the  propagation  path  is 
covered  by  the  centre  of  a  anticyclone, 

-  A  -  the  propagation  path  is  under  the  influence 
of  an  anticyclone  area  and 

-  C  -  the  propagation  path  is  under  the  influence 
of  a  cyclone  area  or  the  propagation  path  is 
covered  by  the  centre  of  a  cyclone. 

Situations  in  which  a  centre  of  a  cyclone 
covered  the  region  of  the  propagation  path 
appeared  very  rarely  in  the  analysed  period.  For 
that  reason  atmospheric  situations  with  cyclone 
circulation  were  not  differentiated. 

2.  INFLUENCE  OF  THE  CHARACTER  OF 
THE  ATMOSPHERIC  CIRCULATION 

2.1  Distributions  of  field  strength  values 

The  influence  of  the  character  of  the 
atmospheric  circulation  on  the  distributions  of 
statistical  parameters  of  the  field  strength  records, 
as  mentioned  above,  had  been  investigated  by 
means  of  variance  analysis  for  different  hours.  The 
obtained  object  mean  values  of  the  field  strength 
means  for  different  characters  of  atmospheric 
circulation  are  given  in  Table  1.  The  following 


measurement  hours  were  taken  into  account:  600, 
1200  and  1800  UT.  The  mean  values  are  given  in 
dB  and  the  reference  level  was  the  value  of 
1  pV/m.  The  obtained  average  mean  value,  i.e. 
without  differentiating  the  character  of  the 
atmospheric  circulation,  equalled  16  dB. 


Table  1.  Field  strength  means  taking  into  account 
the  character  of  the  atmospheric 
circulation 


hour 

character  of  atmospheric  circulation 

AA 

A 

C 

6°° 

23 

19 

12 

1200 

21 

17 

13 

18oo 

24 

16 

13 

Results  of  variance  analysis  of  the  distributions 
of  the  means  of  the  field  strength  records  show  that 
the  influence  of  the  character  of  the  atmospheric 
circulation  is  substantial  to  a  high  degree.  The 
comparison  of  calculated  and  tabulated  F-test 
values  testify  to  the  mentioned  above  conclusion. 
The  calculated  F-test  values,  as  well  as  tabulated 
F-test  values,  are  presented  in  Table  2. 


Table  2.  Calculated  and  tabulated  F-test  values 
(distributions  of  field  strength  values) 


hour 

F-test  values 

calculated 

tabulated  (0.05) 

6°° 

18.55 

3.11 

12°° 

5.80 

3.11 

18°° 

7.94 

3.13 

The  next  question  was:  which  of  the  examined 
objects  differ  substantial  from  the  average 
conditions,  i.e.  when  the  character  atmospheric 
circulation  objets  is  left  out  of  account.  This 
question  was  analysed  by  means  of  the  d-test. 
There  was  found  that  objects  AA  and  C  differ  from 
the  average  conditions,  at  least  on  significance 
level  of  0.05.  Similar  results  were  obtained  when 
examining  the  differentiation  of  object  pairs  by 
means  of  the  Student's  t-test. 

On  the  contrary,  the  carried  out  investigations 
show  that  the  influence  of  the  character  of  the 
atmospheric  circulation  on  the  distributions  of  the 
standard  deviations  of  the  field  strength  records  is 
not  essential,  in  the  light  of  variance  analysis.  The 
standard  deviation  of  30-minutes  field  strength 


70 


distributions  varied  from  4.5  dB  to  5.3  dB  and 
average  equalled  4.8  dB. 

The  study  confirmed  that  there  is  a  substantia! 
influence  of  the  atmospheric  circulation  on  the 
propagation  conditions  of  ultra  short  radio  waves. 
The  best  propagation  conditions,  i.e.  larger  field 
strength  values  should  be  expected  when  in  the 
region  of  the  propagation  path  is  the  centre  of  a 
stable  anticyclone,  while  small  field  strength  values 
-  when  the  propagation  path  is  under  the  influence 
of  a  cyclone. 

2.2.  Field  strength  fluctuations 

A  significant  dependence  of  the  field  strength 
fluctuations  on  the  character  of  the  atmospheric 
circulation  is  observed,  too.  The  object  mean 
values  of  the  frequency  of  field  strength  fluctuations 
for  different  characters  of  the  atmospheric 
circulation  and  different  hours  are  shown  in 
Table  3.  The  mean  value  of  the  frequency  of  the 
field  strength  fluctuations  for  average  conditions, 
i.e.  when  the  character  of  the  atmospheric 
circulation  was  left  out  of  account,  equalled  about 
40. 


Table  3  Influence  of  the  character  of  the 
atmospheric  circulation  on  field  strength 
fluctuations 


hour 

character  of  atmospheric  circulation 

AA 

A 

C 

6  00 

13 

37 

83 

12°° 

15 

42 

70 

18°° 

11 

54 

76 

Results  of  variance  analysis  of  the  distributions 
of  the  frequency  of  the  field  strength  fluctuations 
showed  that  the  influence  of  the  character  of  the 
atmospheric  circulation  is  substantial.  The  obtained 
calculated  and  tabulated  F-test  values  on 
significance  level  0.05  are  presented  in  Table  4. 


Table  4  Calculated  and  tabulated  F-test  values 
(distributions  of  field  fluctuations) 


hour 

F-test  values 

calculated 

tabulated  (0.05) 

6°° 

15.53 

3.11 

12°° 

5.79 

3.11 

1800 

5.20 

3.13 

The  dispersions  of  the  distributions  of  the 
frequency  of  the  field  strength  fluctuations  were 
greater  than  observed  in  the  case  of  dispersions  of 
field  strength  values  distributions.  Nevertheless, 
the  object  distributions  differentiated  substantial 
from  the  general  population  distribution,  in  the  light 
of  a  analysis  by  mean  of  the  d-test.  That 
investigation  show  that  the  object  AA,  as  well  as 
the  object  C  differ  from  the  average  distribution,  i.e. 
when  the  character  of  the  atmospheric  circulation 
and  the  day  time  are  left  out  of  account,  at  least  on 
the  significance  level  of  0.05. 


3.  INFLUENCE  OF  THE  AIR  MASS 

An  study  of  the  influence  of  the  air  mass  on 
the  taken  into  consideration  parameters  of  the  30- 
minutes  field  strength  records  were  carried  out, 
too.  The  classification  of  air  masses  used  by  the 
Polish  Meteorological  service  was  applied: 

PAS  -  the  old  arctic  air, 

PPm  -  the  polar  maritime  air, 

PPms  -  the  old  polar  maritime  air, 

PPmc  -  the  warm  polar  maritime  air, 

PPk  -  the  polar  continental  air,  and 
PZm  -  the  tropic  maritime  air. 

In  the  reported  research  study  different  polar  air 
masses  were  observed  mostly.  The  sample  sizes 
in  the  case  of  other  air  masses  were  to  small  to 
form  separate  objects.  The  object  means  of  field 
strength  values  are  given  in  Table  5. 


Table  5  Influence  of  air  masses  on  field  strength 
means 


hour 

air  mass 

PPm 

PPm* 

PPmr. 

6°° 

13 

20 

18 

1200 

14 

19 

17 

18°° 

12 

20 

17 

A  significance  dependence  of  the  field  strength 
mean  values  on  the  air  mass  is  observed,  in  the 
light  of  variance  analysis.  That  show  the  Table  6, 
which  contains  calculated  F-test  values  and 
tabulated  F-test  values  on  the  significance  level  of 
0.05. 

The  air  mass  object  distributions  differ  from  the 
distribution  of  the  general  population  not  so 
distinctly  as  it  was  in  the  case  of  object  distributions 
of  the  character  of  the  atmospheric  circulation. 
Similar  results  were  obtained  when  the  influence  of 
the  air  mass  on  the  frequency  of  field  strength 
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fluctuations  was  examined.  The  similarity  of 
properties  of  different  polar  air  masses  is  the 
reason  for  smaller  differentiation  of  air  mass  object 
distributions,  than  object  distributions  in  the  case  of 
the  character  of  the  atmospheric  circulation. 


Table  6  Calculated  and  tabulated  F-test  values 
(polar  air  masses) 


hour 

F-test  values 

calculated 

tabulated(0.05) 

6oo 

5.37 

2.76 

12oo 

3.40 

2.72 

18°° 

7.04 

2.74 

4.  FINAL  REMARKS 

In  the  light  of  the  obtained  results,  both  the 
character  of  the  atmospheric  circulation  and  the  air 
mass,  can  be  applied  for  differentiation  of  the 
synoptic  situation,  when  investigating  the  influence 
of  the  synoptic  situation  on  parameters  of  field 
strength  distributions. 

The  investigation  results  confirmed  that  the 
influence  of  the  character  of  the  atmospheric 
circulation  on  propagation  conditions  of  VHF  and 
UHF  radio  waves  in  the  south  of  the  Baltic  Sea, 
substantial  to  a  high  degree.  One  should  expect 
greater  field  strength  values  and  smaller 
frequencies  of  field  strength  fluctuations  when 
anticyclones  are  dominating  in  the  region  of  the 
propagation  path.  On  the  contrary,  smaller  field 
strength  values  and  greater  field  strength 
fluctuations  will  be  observed  when  the  region  of  the 
propagation  path  is  under  the  influence  of  a 
cyclone. 

The  study  will  be  continued.  The  data  base  will 
be  enlarged  -  on  one  hand  each  individual  field 
strength  record  will  be  characterised  by  a  greater 
number  of  parameters,  on  the  other  hand,  the  file 
of  records  will  be  more  numerous. 


The  aim  of  that  work  will  be  to  explore  the 
possibility  of  increase  of  the  accuracy  of  prediction 
field  strength  values  through  taking  into 
consideration  the  influence  of  the  synoptic 
circulation,  for  example  in  the  well  known  method 
using  the  recommended  by  the  ITU-R 
radiometeorological  parameters  [6],  That  may 
make  possible  better  fulfilling  of  EMC  conditions  in 
radiocommunication  systems. 
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Effects  of  trains  in  an  arched  tunnel  on  the  cutoff 
frequency  and  field  were  determined  at  the  range  oj 
VHF,  UHF,  and  SHF  bands  by  the  finite-element  method 
( wireless  communication )  and  the  boundary  element 
method  {wire  communication). 

The  field  is  represented  by  contour  lines.  Thus,  its 
change  is  clearly  shown  by  a  change  in  the  distribution 
of  the  lines  caused  by  the  train  in  the  tunnel.  In 
underground  environments,  communicability  is  vital  in 
emergency  cases  such  as  fires,  as  well  as  in  routine 
management  operations.  This  study  aims  at  establishing 
a  basis  for  solving  such  problems. 

1.  INTRODUCTION 

The  effects  of  trains  in  tunnels  on  fields  are  yet  to 
be  clarified.  In  addition,  the  cross  section  of  an  actual 
tunnel  is  not  of  the  typical  rectangular  or  arched  shape. 

Trains  in  the  tunnel  complicate  its  cross  section 
further.  This  study  uses  the  following  assumptions  as  the 
first  step  in  determining  the  characteristics  involved  in 
such  a  complicated  problem  :  the  tunnel  is  replaced  by  a 
model  which  is  a  conductor  with  an  infinite  length  and 
has  the  same  cross  section  as  that  of  the  tunnel;  trains  are 
regarded  as  a  rigid  conductor,  with  a  fixed  cross  section, 
the  length  of  which  is  infinite  in  the  direction  of  the 


Fig.  1  The  model  of  the  tunnel,  (a)  The  empty  tunnel, 


wave  propagation. 

Thus,  this  model  can  be  regarded  as  “uniform 
cross  section”.  Therefore,  the  complicated  problem  is 
reduced  to  a  two-dimensional  one  in  which 
electromagnetic  fields  can  be  determined  by  the  finite- 
element  method  or  boundary  element  method. 

2.  EFFECTS  OF  TRAINS 
2. 1  Wireless  systems 

The  tunnel  is  assumed  to  be  straight  and  infinitely 
long,  and  the  tunnel  wall  is  assumed  to  be  perfect 
conductors.  Fig.  1.  shows  a  model  for  tunnel.  The  cross 
section  of  the  tunnel  is  taken  as  the  X-Y  plane  and  the 
direction  of  radio  wave  transmission  as  the  Z  axis.  The 
internal  region  of  the  tunnel  is  expressed  as  G  and  the 
boundary  of  G  (the  walls  of  the  tunnel  and  the  trains)  as 
T .  With  this  notation,  the  TE™,  modes  and  the  TM^, 
modes  are  expressed  by  the  following  Helmholtz 
equation : 

i )  TE^  modes 

V2Hz+*2Hz  =  0,  inG 

dHzjdn  =  0,  on  F 


1-1. 3-1 

■ 


(b)  The  boundary  of  the  tunnel  which  train  enters  in  one  row. 
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ii )  TM„m  modes 

V 2  Ez  +  k 2  Ez  =  0,  in  G 
Ez  =  0,  on  T 


The  elements  used  are  triangular  ones  on  which  (f>  is 
approximated  as  a  quadratic  function. 

If  each  eigevalue  (k)2  is  determined,  the  cutoff  frequency 
(2)  fc  is  obtained  from  the  following  formula : 


where  Hz  is  Z  component  of  the  magnetic  field,  Ez  is  the 
Z  component  of  electric  field,  k  is  the  cutoff  wave 
number,  and  d  /  dn  is  the  partial  differentiation  along  a 
nonnal  line  against  the  boundary  F . 

The  functional  I[<j>  ]  corresponding  to  the  above 
Helmholtz  equation  is  expressed  as  follows : 


'd£\" 


dxdy-k 2  2  dxdy 


(3) 


where  <f>  =  Hz  (or  Ez). 

This  function  is  solved  for  each  set  of  boundary 
conditions  by  applying  the  finite  element  method  [1]. 


/„  =k/2^y[£jT0 


(4) 


<j>  (Hz  or  Ez)  is  determined  as  eigenvector  of  each 
eigenvalue. 

The  inside  of  the  tunnel  is  divided  into  over  176 
elements. 

2.  1.  1  Accuracy  of  numerical  analysis.  The  relative 
errors  for  up  to  the  TEt  j  mode  and  for  up  to  the  ThT  i 
mode  are  less  than  0.05  percent  and  0.3  percent, 
respectively. 

2.  1.  2  Effects  of  trains  on  fields.  Fig.  2  shows  field 
pattern  of  the  TEn  mode  in  empty  tunnel  and  Fig.  3 
shows  field  pattern  of  the  TEn  mode  which  train  entered 
in  one  row.  In  these  figures,  the  maximum  value  of  field 


Fig.  2  Field  pattern  of  the  TE,,  mode  in  empty  tunnel. 


Fig.  3  Field  pattern  of  the  TEn  mode  which  train  enters  in  one  row. 
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Fig.  4  Field  pattern  of  the  Ez  in 
empty  tunnel 


Fig.  5  Field  pattern  of  the  Ez  which 
train  enters  in  one  row 


intensity  is  specified  as  1. 

2.  1.  3  Effects  of  trains  on  cutoff  frequency.  TABLE  1 

gives  cutoff  frequency  changed  by  train  for  TEj  i  mode. 

The  results  have  revealed  that  cutoff  frequencies 
for  ordinary  empty  tunnels  are  in  the  higher  region  of  the 
HF  band.  The  trains  in  the  tunnel  lower  the  cutoff 
frequency  for  the  TEi  i  modes  and  raise  that  for  the  TMj  i 
modes. 


Empty  tunnel 

Tunnel  with  train 

cutoff 

frequency 

17.2  MHz 

9.6  MHz 

2.2  Wire  systems 

2.  2.  1  Effects  of  trains  on  fields.  We  used  boundary 


element  method.  The  boundary  is  divided  into  over  72 
elements. 

The  source  is  a  surface  wave  cable.  Fig.  4  shows  field 
pattern  of  the  empty  tunnel  and  Fig.  5  shows  field  pattern 
of  the  Ez  which  train  entered  in  one  row.  In  these  figures, 
the  maximum  value  of  field  intensity  is  specified  as  0 
dB. 

3.  CONCLUSION 

This  study  analyzed  the  effects  of  trains  in  tunnels 
on  the  basis  of  certain  assumptions  and  elucidated  part  of 
the  basic  characteristics.  The  field  distribution  in  the 
tunnel  depends  on  the  train  as  shown  in  Figs.2,  3,  4  and 
•  5.  The  trains  in  the  tunnel  lower  the  cutoff  frequency  for 
the  TEn  mode. 
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Based  on  the  field  theory,  the  primary 
transmission  line  constants  of  the  Goubau  line  (  G  line  ) 
above  ground  (  R,  L,  C  and  G  )  and  the  secondary 
transmission  line  constants  (y0  =a0+  jfi0  and  Z0 ) 
were  obtained,  and  then  the  equivalent  circuit  for  the  G 
line  above  ground  was  given.  The  behavior  of  the  line 
from  an  engineering  standpoint  is  now  completely 
determined  by  the  usual  simple  circuit  theory.  The 
transition  of  the  G  line  from  a  ground  return 
transmission  line  of  a  surface-wave  transmission  line 
was  proved  experimentally. 

1.  INTRODUCTION 

This  paper  outlines  the  Equivalent  Circuit  for  the 
G-line  Above  Ground. 

In  practice,  the  G  line  [1]  is  installed  at  a  certain 
height  above  ground.  We  have  a  classic  theory  of  the 
propagation  of  the  electromagnetic  waves  along 
overhead  wires  developed  by  Carson  and  by  Pollaczek  as 
early  as  1926  [2],  [3].  Thirty  years  after  that,  remarkable 
advances  in  the  theoretical  aspects  have  been  achieved 
through  the  studies  of  Kikuchi  [4]-[5]  and  Amamiya  [6]. 
Kikuchi  was  the  first  to  give  the  transition  theory  (from 
ground  return  transmission  line  to  surface-wave 
transmission  line)  for  the  Sommerfeld  line  above  ground. 
We  can  say  that  great  interest  is  focused  on  the  earth’s 
problem.  Various  authors  (  Wise  [7],Sunde  [8],  Wait  [9], 
Coleman  [10],  and  Knyazev  [11])  have  studied  the 
earth’s  problems,  and  recent  research  in  this  area  has 
been  promising  (  Wait  [12],  [13],  Dos  Santos  [14]  and 
Kikuchi  [15] ). 

The  objectives  of  the  present  paper  are  to  derive 
expressions  for  the  primary  transmission  line  constants 
of  the  G  line  above  ground  (  R,  L,  C  and  G  )  and  the 
secondary  transmission  line  constants  (y0  =a0  +  jfiQ 
and  Z0 ),  and  to  find  the  equivalent  circuit  for  the  G  line 
above  ground. 


2.  SERIES  IMPEDANCE  Z  AND  PARALLEL 
ADMITTANCE  Y  OF  THE  G  LINE  IN  THE 
PRESENCE  OF  THE  EARTH 

2.1  The  coordinate  system 

Assume  that  a  line  of  infinite  length  and  of 
sufficiently  small  diameter  is  installed  at  height  h  above 
ground  and  carries  a  current  Ie'7°‘*ltt" ,  (/  =  total  axial 
current  in  wire,  y0  =  propagation  constant  of  the 
transmission  line,  a>  -  angular  frequency  =  2  nf  ,f- 
frequency).  The  diameter  of  the  wire  2a  is  much  smaller 
than  h. 

As  shown  in  Fig.  1  in  rectangular  coordinates,  the 
surface  of  the  earth  is  the  plane  at  y  =  0.  Beneath  the 
surface  or,  in  the  region  y  <  0,  the  plane  wave 

propagation  constant  is  k2  (=  a)jp!>£2  (l  -  j  cr2  jco£2 ) ,  Re 


Fig.  1.  The  coordinate  system. 


(6) 


k2  >  0,  Im  k2  <  0.  n,,  =  permeability  of  free  space 
=  e2  £„  =  dielectric  constant  of  the  earth,  cr,  = 
conductivity  of  the  earth,  while  above  the  surface,  or  in 
the  region  y  >  0,  the  plane  wave  propagation  constant 

is  kx  (=  ,  =  coj{J,,£„  ). 

2.2  FORMULATION  FOR  Z  AND  Y 
From  Maxwell' s  equation, 

E.,  =  -grad<f>c  -  jcoA.j  (1) 

where  E.,  is  Z  component  of  the  electric  field  at  the  wire 
surface  (x  =  0,  y  -  h  -  a)  <j>c  and  A.,  account  for  the  scalar 
potential  at  the  wire  surface  (x  =  0,  y  =  h  -  a)  and  for  the 
z  component  of  the  vector  potential  at  the  wire  surface  (x 
=  0,  y  =  h  -  a),  and  are  represented  by 

A  =  / is(dU/dt ) 

0  =  -V-n  (2) 

given  in  [16]  part  2  of  (6).  We  introduce  the  series 
impedance  Z  and  the  parallel  admittance  Y  of  the 
transmission  line  above  the  plane  earth  by  the  following 
equations  : 


R,  L,  G  and  C  are  series  resistance,  series  inductance, 
parallel  conductance,  and  parallel  capacitance  in  the 
presence  of  the  earth.  The  part  Hq1)  ( XtRt )  stands  for  a 
contribution  from  the  image  of  the  line  at^  =  -h. 

Si  and  S2  are  supplementary  terms  which  take  into 
account  the  effects  of  finite  conductivity  of  the  earth. 

In  a  practical  G-line,  we  can  assume  X  ,= jX  „ . 

The  integration  forms  of  equation  (6),  (7)  are  as 
follows : 


Equations  (8)  and  (9)  are  applicable  to  the  region 
XuRtZl. 


y_  5IC  !  __  YJZ 
dz  <j>c  <pc 


The  following  assumptions  have  been  made  in  working 
out  the  theory  of  the  transmission  line  :  a  «  h,  b  « 
h,  a  «  wavelength,  b  «  wavelength. 

From  (2),  (3) 


Y  =  G  +  jaC 


■Htw{AtRx)  |  +  ^pS,  (4) 


j  coins. 


\n\bja)  jn  j 


^{//0l°(A16)-//;,(T,i?l)}+2S: 


f/(l-;W)  2  1  °  v  °  v  ' 

(5) 

where  cr  is  the  conductivity  of  the  wire,  R,  =  2ft  -  a , 
£j  is  the  specific  inductive  capacity  of  coated  dielectric, 
X„  =yjkn2  +y0 2  .  Ri-Jir  -Xj  >0,n  =  1,2 


3 .  CHARACTERISTIC  EQUATION  OF  THE  G 
LINE  ABOVE  GROUND 

From  (1),  (2)  and  (3),  the  characteristic  equation  is 

+ 1£.  {H^b)-  //0"'(aR)}+  2S. 
coe,  £j  (1  -  y  tan  8)  2 


-coMo 


-  iltjl  SZ 


In  order  to  simplify  the  characteristic  equation,  we 
assume  that  a  wire  is  a  perfect  conductor,  Xl  -  jXu  and 
Si  =  S2  =  tan  8  =  0.  Then  result  is  as  follows  : 


'{in(^)A;)+{^4,>)-^k^)} 


This  is  in  agreement  with  the  result  of  Section  5  [see 
(19)]  according  to  circuit  theory. 


R  in  Vm  ,  L  in  R*J/"rn  .  G  in  ,  C  »n  pjXrn 
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4.  PRIMARY  TRANSMISSION  LINE  CONSTANTS 
OF  THE  G  LINE  ABOVE  GROUND 

The  following  equations  are  applicable  to  the 


region  XUR ,  >  1 .  From  (4),  (5),  (8),  (9)  and  the  hankel 
function  formula. 


[k0M-kMiA)}\+ 


=  {/?/+  jcoLc‘  j+  \r'  +  ja)L‘ }+  {/?,  +  jcoLg  ’ }  (q) 


1 


Gc  +  jcaCc  Gd  +  jaCj 


(13) 


Cu 


100  Frequency  in  MHz  1000 


Fig.  2.  Series  resistance  R,  series  inductance  L,  parallel 
capacitance  C,  and  parallel  conductance  G  of 
the  G  line  above  ground. 


where  Rc‘ ,  Rc‘  and  Rg  are  the  wire  resistance  and  the 
equivalent  resistance  for  the  ground,  respectively 
(r  =  Rl.  +  R‘  +  Rg ).  L‘ ,  L‘  and  LJ .  are  the  wire 
internal  inductance,  external  inductance,  and  the 
equivalent  series  inductance  for  the  ground,  respectively 
~  Lc  +  L‘  +  Lg\  C  and  G.  are  the  wire 
capacitance  and  the  wire  leakage  conductance, 
respectively  ( Yc  =  G.  +  jcaCc ).  Cd  and  Gd  are  the 
equivalent  capacitance  for  the  dielectric  coat  and  the 
equivalent  leakage  conductance  for  the  dielectric  coat 
respectively  ( Yd  =  Gd  +jcoCu ).  Cg .  L/ ,  and  G  are 

the  equivalent  capacitance,  the  equivalent  parallel 
inductance  for  the  ground,  and  the  equivalent  leakage 
conductance  for  the  ground,  respectively  (Y  =Gg  + 

j(coc-(\/coL/  ))). 

In  Fig.  2  R,  L,  C  and  G  are  indicated  according  to 
(12)  and  (13). 
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Z  -  R  +  ja)L  =  (*/  +  r;  +  Rt )+  Jq)(lc‘  +  £/+£,) 

1  1 


F  =  G  + jcoC  =  ■ 


1  1  1 

■ — +— +  - 


1 


1 


y  y,  y„  g,  +  jacc  g,  +  jac t 


G'+J 


aC - - 

oL/j 


Fig.  3.  Equivalent  circuit  of  the  G  line  above  ground  and  items  of  the  primary  transmission  line  constants  R,  £,  C,  and  G. 


From  these  relations  [see  (12)  and  (13)]  the 
equivalent  circuit  of  the  G  line  above  ground  is  as  shown 
in  Fig.  3. 


5.  SECONDARY  TRANSMISSION  LINE 
CONSTANTS  OF  THE  G  LINE  ABOVE 
GROUND 

By  ( 1 2)  and  ( 1 3)  the  characteristic  impedance  Z0  is 


z  -  j + 


(14) 


“0  =  2F+'Tl  (Np/m) 
A**, 


(17) 


K0{lua)-Ko{wJ 


K)- 


(18) 


From  (18)  and  A,  =  -^i,2  +  y02  the  characteristic 
equation  is 


k,  =■ 


k0M-kArJ 


(19) 


fn  (b/a)/e;}+{KMub)-KMA)} 


--1 


(15) 


Equation  (15)  holds  to  a  very  good  approximation  in  the 
VHF  and  UHF  regions.  In  Fig.  4  Z0  is  indicated 
[according  to  (15)]. 

By  (12)  and  (13)  the  phase  constant  and  the  attenuation 
constant  are 

7o=a0+j/30  =  V(*  +  jcoL)(G  +  jtoC)  = 

(16) 


I  /  ,  tan6~5  xiCi4; 

J&r 


Fig.  4.  Characteristic  impedance  of  the  G  line  above  the 
ground. 
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Fig.  5.  Attenuation  constant  of  the  G  line  above  ground.  Ground  return  transmission  line  mode  is  transformed  into  surface-wave 
transmission  line  mode  by  elevation  of  frequency  with  a  rise  in  degree  of  electromagnetic  field  concentration. 


Equations  (17)  and  (18)  hold  to  a  very  good 
approximation  in  the  VHF  and  UHF  regions.  In  Fig.  5 
a0  is  indicated  [according  to  (17)]. 

6.  CONCLUSION 

The  features  of  the  paper  which  seem  to  present 
results  are  as  follows : 

1)  evaluation  of  transmission  line  parameters  (R,  L,  C, 
G,  Z0,  a0,  Pa,  ya )  for  the  model ; 

2)  presentation  of  a  reasonable  equivalent  circuit  as  a 
passive  line  which  involves  the  plane  ground  ; 

3)  the  extension  of  the  theory  to  a  dielectric-coated 
wire ; 

4)  the  verification  of  the  transition  theory  which  Kikuchi 
proposed  first  by  experimental  work. 
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The  K-wave  is  a  natural  wave  associated  with  a  bare 
wire  with  finite  conductivity  or  dielectric  coated  con¬ 
ducting  wire  above  a  ground  and  can  be  a  quasi-TEM, 
hybrid  {EH -type)  or  TM  wave,  depending  on  the  fre¬ 
quency  and  medium  parameters  of  the  ground  {con¬ 
ducting,  semiconducting,  or  dielectric). 

Mutual  relations  between  the  Zenneck,  Sommerfeld, 
Goubau,  and  K-waves  are  investigated  on  the  basis  of 
their  propagation  characteristics  in  frequency.  The  Z- 
wave  couples  to  neither  the  S-  nor  G-wave,  since  the 
former  is  a  fast  wave,  while  the  latter,  S  or  G,  is  a  slow 
wave.  However,  the  Z-wave  couples  weakly  to  the  K- 
wave  for  a  bare  conducting  wire  at  a  certain  frequency 
where  attenuation  characteristics  both  waves  cross  each 
other  and  where  the  phase  velocity  of  the  K-wave  tetids 
to  a  fast  wave  from  a  slow  wave  at  lower  frequencies, 
approaching  but  never  reaching  the  phase  velocity  of 
the  faster  Z-wave.  For  a  dielectric  coated  conducting 
wire,  however,  there  is  no  coupling  between  the  Z-  and 
K-waves  unless  its  dielectric  layer  is  extremely  thin. 

The  K-wave  can  be  both  a  slow  and  a  fast  wave  for  a 
bare  conducting  wire;  a  fast  wave  in  the  so-called 
‘transition  region '  and  a  slow  wave  in  the  rest  range  of 
frequencies,  and  transfers  smoothly  to  a  TEM-type  of 
the  Carson-Pollaczek  wave  with  decreasing  frequency 
attd  to  the  S-  or  G-wave  in  a  TM-type  of  surface  wave 
with  increasing  frequency. 

All  the  above  statements  are  confirmed  theoretically, 
providing  some  numerical  examples  and  experimental 
evidence. 

1  INTRODUCTION 

The  Zenneck  wave  is  a  TM  wave  along  the  surface  of 
a  medium  of  finite  conductivity  and  is  considered  an 
inhomogeneous  plane  wave  or  a  fast  surface  wave  whose 
phase  velocity  is  faster  than  the  velocity  of  light.  This 
type  of  wave  has  been  extended  to  a  general  medium,  in¬ 
cluding  a  semiconductor  or  dielectrics,  since  Zenneck 
was  mainly  concerned  with  a  conducting  medium  [1], 

The  Sommerfeld  or  Goubau  wave  is  a  cylindrical  TM 
wave  along  the  surface  of  a  bare  wire  with  finite 
conductivity  or  dielectric  coated  conducting  wire,  re¬ 
spectively  [2],  [3],  and  is  considered  a  slow  surface  wave 
whose  phase  velocity  is  slower  than  the  velocity  of  light. 

The  K-wave  is  a  hybrid  Zenneck-Sommerfeld  or  - 
Goubau  wave  arising  from  the  presence  of  ground  and  its 


low  frequency  sided  is  related  to  a  TEM  type  of  the 
Carson-Pollaczek  (C-P)  wave  [4,  5]  and  to  the  so-called 
‘Beverage  aerial’  [6],  Since  its  anomalous  propagation 
characteristics  for  high  frequencies  were  discovered  by 
the  first  author  in  1956  [7,  8,  9,  10],  interest  in  this  aerial 
has  been  renewed  and  the  problem  is  still  in  active 
investigations  in  a  variety  of  extended  or  modified  forms 
(for  example,  [11,  12]). 

In  Sec.  2,  the  propagation  characteristics  of  the  Z- 
wave  are  presented  in  an  extended  form  over  an  entire 
range  of  frequencies  on  the  basis  of  an  analytical  solu¬ 
tions  of  Maxwell’s  equations. 

In  Sec.  3,  exact  expressions  for  the  propagation  char¬ 
acteristics  of  the  K-waves  are  summarized  for  a  dielec¬ 
tric  coated  conducting  wire  above  the  ground  [13,  14], 
On  this  basis,  some  numerical  examples  of  propagation 
characteristics  and  circuit  parameters  are  shown  over  an 
entire  range  of  frequencies.  It  is  rephrased  that  the  K- 
wave  possesses  a  maximum  and  a  minimum  attenuation, 
the  so-called  ‘transition’  from  a  TEM-type  of  the  C-P 
wave  to  the  G-wave  in  a  TM-type  of  surface  wave. 

In  Sec.  4,  the  K-wave  for  a  bare  conducting  wire 
above  the  ground  is  specifically  investigated  with  partic¬ 
ular  reference  to  the  problem  of  its  coupling  to  the  Z- 
wave,  adding  new  results  obtained  from  purely  numerical 
solutions.  It  has  been  found  that  there  may  be  a  weak 
coupling  between  the  K-  and  Z-waves  at  a  certain  fre¬ 
quency  where  attenuation  characteristics  of  both  waves 
cross  each  other  and  where  the  phase  velocity  of  the  K- 
wave  tends  to  a  fast  wave  from  a  slow  wave  at  lower 
frequencies,  approaching  but  never  reaching  the  phase 
velocity  of  the  faster  Z-wave.  For  a  dielectric  coated 
conducting  wire,  however,  there  is  no  coupling  between 
them  unless  its  dielectric  layer  is  extremely  thin. 

In  contrast,  there  may  be  a  strong  coupling  between 
the  K-wave  for  a  bare  conducting  wire  and  a  plane  wave 
of  grazing  incidence  at  a  certain  angle  in  the  transition 
region  where  the  K-wave  becomes  a  fast  wave  and  its 
phase  velocity  coincides  exactly  with  the  front  velocity  of 
the  plane  wave  along  the  interface.  Based  on  this 
principle,  Sec.  5  briefly  describes  a  new  type  of  travelling 
antenna  [15]  similar  in  construction  to  and  different  in 
function  from  the  Beverage  antenna,  since  this  problem  is 
to  be  discussed  elsewhere. 

2  PRPAGATION  CHARACTERISTICS  OF 
THE  ZENNECK  WAVE 
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Consider  a  TM  wave  propagating  along  a  plane  in¬ 
terface  of  a  semi-infinite  medium  and  choose  a  rectangu¬ 
lar  coordinate  system  x,  y,  z  as  shown  in  Fig.  1 .  Then, 
assuming  the  temporal  and  spatial  factor  exp[-ux-Tz 

+jcot] ,  the  relations  between 
x,  y,  and  z  components  of 
electric  (E)  and  magnetic 
(H)  fields  are  written  from 
Maxwell’s  equations,  put¬ 
ting  Ey=Hx=Hz=0,  did y=0, 
as 

rHy  =  ( cr  +  joe  )EX,  (1) 
-uHy=(o+jcoe)Ez,  (2) 
-rEx  +  uEx=  —  jcojj.  Hy,  (3) 
-(u2+T2)=k2=c)2E(i-jcoa|i,(4) 

Fig.  1.  Z-wave.  where  e,  p,  a,  and  k  are  di¬ 
electric  constant,  permea¬ 
bility,  conductivity,  and  wave  number,  respectively.  Sub¬ 
stituting  the  boundary  conditions:  Eiz  =  E2z,  H,y=  H2y 
(subscript  1  or  2  refers  to  medium  1  or  2,  respectively)  in 
Eq.(2),  we  obtain  the  relation 


xl/2 


Uj/  ( at  +  joe,  )  =  u2/  (  a2  +  jcos2 ). 


(5) 


Substituting  Eq.(5)  in  Eq.(4),  the  propagation  constants, 
T  and  u  are  written  as 


(14) 

(15) 


v  =  co  /  p  =  c[l  +  (l/es)] 

u,  =a,  +  jb,  =akf>/{(2coE<,)(l+E5)Ja}-(jkoy(l+e») 
u2=a2+jb2  =-  { W(  1+e,)1'2}  [(c/2coe)  { (2+e,)(  1  +£,)  }+j)] . 

(16) 

2.3.  Numerical  results  for  propagation  characteristics 
Figs.  2  and  3  represent  attenuation  and  phase  charac¬ 
teristics  of  the  Z-wave  for  o2=c  =T0~2  S/m,  e2  =  E]  =Eo 
and  e2=  s  =10e0;  o2=ct=4  S/m,  e2  =e  =80e0  (seawater), 
obtained  from  Eq.(6).  It  is  seen  that  the  Z-wave  is  a  fast 
wave  whose  phase  velocity  is  faster  than  the  velocity  of 
light  and  increases  with  increasing  frequency,  approach¬ 
ing  c[1+(1/e,)]i/2  and  its  attenuation  also  increases  with 
increasing  frequency,  approaching  aZo/{2(l-t-Sj)3/2}.  In 
general,  attenuation  decreases  in  a  conductive  region  but 
increases  in  a  dielectric  region  with  increasing  conduc¬ 
tivity,  while  the  phase  velocity  decreases  in  a  dielectric 
region  with  increasing  permittivity. 
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Fig.2.  Attenuation.  Fig  3.  Normalized  phase  velocity. 


r  =  a  +  jP=jk,k2/(k12+k22)17,  (6) 

Ui  =  ai  +  jbi  =  j  k,2/(k,2+  k22)1,2,  (7) 

where  a  and  p  are  the  attenuation  and  phase  constants  of 
the  Zenneck  wave. 

2.1.  The  Z-wave  for  a  semi-infinite  conducting  medium 
Consider  the  Z-wave  along  a  surface  of  a  semiinfi¬ 
nite  conducting  medium  when  the  above  medium  1  is  air. 
Then,  putting  e^Eo,  e2=e,  p!=p2=p0,  cr,=0,  ct2=o»o)8, 
k,=k0=(a(eo(io)1'2,  |k22l»|ko2|,  we  obtain  from  Eqs.(6)  and 
(7) 

a=CD2Eo/2cCT=(ko2/2a)(e0/Mo),/2=ko2/(2oZo>=k02Yo/2a,  (8) 
P  =  ko  { 1  —  (co2£0e/2ct2)}  or 

V  =  a  /  p  =  c/{  1  -  (C£fe0e/2a2)}=  c{  1+  (co2Eoe/2a2)),  (9) 
u,  =  a,  +jb,  =  ko2(l  -j  )/(2coopo)1,2=  ko25(1  -  j  )/2,  (10) 
u2  =  a2  +  jb2  =  -(l  +j  )(coct(V'2)1  2=  -(1  +j  )/5,  (11) 

8  =  (2/oapo)1 2,  (12) 

where  5  is  the  skin  depth,  Z0  and  Y0  are  the  intrinsic 
impedance  and  admittance  in  free  space,  respectively. 

2.2.  An  extended  Z-wave  for  a  semi-infinite  dielectric 
medium 

Consider  an  extended  Z-wave  along  a  surface  of  a 
semi-infinite  dielectric  medium  instead  of  a  conducting 
one  discussed  in  Subsec. 2.1,  namely  a2  =  cr  «  coe, 
E2=e=EoE,.  Then,  we  have  from  Eqs.(6)  and  (7) 
a=ok0e,l/2/{2coe(l  +  e,  )3/2}  =  cZ0/{2(l  +  E,)3'2},  (13) 

P  =  ko[Ml +e,)]l/2  or 


3.  PRPAGATION  CHARACTERISTICS  AND 
CIRCUIT  PARAMETERS  OF  THE  K-WAVE  FOR 
A  DIELECTRIC  COATED  CONDUCTING  WIRE 

Consider  a  TM  wave 
propagating  along  an  in¬ 
finite  bare  or  dielectric 
coated  cylindrical  conduc¬ 
tor  above  the  ground  and 

_ _  choose  a  rectangular  coor- 

.  ;  dinate  system  x,  y,  z  as 

Fig.4.  Wire  above  ground,  shown  in  Fig.4.  According 

to  the  results  obtained  by 
one  of  the  authors  [13,  14],  propagation  characteristics 
are  still  expressed  in  terms  of  a  generalized  lossy  trans¬ 
mission  line  with  dispersive  distributed  parameters,  as 
follows 

T  =  a  +  jP  =  (ZY)1 2,  Z0=  Ro+jXo  =  (Z/Y)'  2,  (17) 

Z  =  Zj  +  Ze  =  [(l+j)/(232jia)](copc/ac)l/2 

+  (jcopi/27r){  1-  (e,/E,)(l  + j  tan  5;  )}ln  (a'/a) 

+  (jcopi/27t){/n2j/(yX.1a')-j(7t/2) 
•//o(1)[X,(2h-a')]+2(Q-jP)},  (18) 

Y=j27uoe1/{//j2j/(YX1a')-](7c/2)//0(,,[?i1(2h-a')]+2(Q' 

(19) 

where 

Qo  -jPo=  pCexp[-(2h-a')(u2-X12),/2]/{p(u2-X22)12 
+q(u2-Xs2)I,2}du 

=io°°  exp[-(2h-a')(u2-X1 2)  I/2]/{  (u2-X22) 1/2 
+r](u2-X12)I/2}du 


y 

- 
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=  Q  —  jP  for  p=q=lorq=l,  (20) 

=Q'-jP'  for  p=  k,2,  q=k22  or  q=k22/ki2,  (21) 

X.,2=  k,2+r2,  ?i22=  k22+r2=k22-k,2+X,2,  (22) 

and  T=a+jP  is  the  propagation  constant  along  the  wire 
(a:  attenuation  constant;  (3:  phase  constant),  Z0=  Ro  + 
jXa,  the  characteristic  impedance,  and  Z  and  Y  are  the 
series  impedance  and  the  parallel  admittance,  respective¬ 
ly.  On  the  right-hand  side  ofEq.(I8),  the  first  and  second 
terms  refer  to  Zj ,  the  internal  impedance,  and  the  re¬ 
maining  term  refers  to  Ze ,  the  external  impedance,  re¬ 
spectively.  (//0(1):  Hank  el  function  of  the  first  kind  and 
zeroth  order,  X:  transverse  wavenumber,  y=ec=1.781,  C: 
Euler’s  constant,  a:  radius  of  conductor,  a':  outer  radius 
of  dielectric  coated  wire,  h:  height  of  wire,  ©=27tf: 
angular  frequency,  k:wavenumber,  ct:  conductivity,  p  : 
permeability,  e  :  dielectric  constant,  tan  5  =  a/coe:  loss 
factor).  The  subscripts,  c,  i,  1 ,  and  2  refer  to  the  conduc¬ 
tor,  dielectric,  air,  and  earth.  The  extended  Carson’s 
function  (Q  -  jP)  and  the  first-author’s  function  (Q'~  jP') 
[13,  14]  arise  from  the  earth’s  finite  conductivity  and 
per-mittivity,  and  are  considered  as  corrections  for  the 
series  impedance  and  parallel  admittance,  respectively. 

In  an  exact  manner,  F  is  to  be  determined  numerical¬ 
ly  by  employing  successive  approximations  which  lead  to 
a  self-consistent  solution  [13,  14], 

As  an  typical  example,  Figs.  5  to  8  represent  the  fre¬ 
quency  characteristics  of  the  propagation  constant  and 
circuit  parameters  as  a  dispersive  distributed  parameter 
line  for  a  polyethylene-coated  copper  (a  =  1.15  mm,  a'  = 
4.2  mm,  Si=2.3e0,  tan  5;  =  3  x  10”4,  p;=  go;  the  subscript 
i  refers  to  polyethylene  dielectric)  5  m  high  above  the 
ground  (ct2=ct=1(T2  S/m,  (a):  e2  =  Si=e0  and  (b):  s2=10s! 
=10eo).  The  dashed  and  solid  lines  refer  to  the  first 
approximation  and  a  final  exact  solution,  respectively. 
The  chain  line  provides  case  of  a  single  G-line  without 
ground.  As  a  whole,  there  is  a  little  effect  of  the 
difference  in  the  earth’s  dielectric  constant 


Fig. 5.  Attenuation  (G-line  above  ground). 


Fig.6.  Normalized  phase  velocity  (G-line  above  ground). 


As  seen  in  Fig.5,  the  attenuation  takes  a  maximum 
around  10  MHz  and  a  minimum  around  100  MHz,  and 
indicates  a  mode  transfer  from  a  quasi- TEM  (or  ground- 
return)  region  at  low  frequencies  to  a  TM  surface-wave 
(or  G-wave)  region  at  high  frequencies  via  an  intermedi¬ 
ate  transition  region  where  the  wave  becomes  hybrid  (HE 
type). 

Fig.6  indicates  that  the  wave  is  a  slow  wave  over  an 
entire  range  of  frequencies,  although  its  phase  velocity 
approaches  the  velocity  of  light  as  close  as  0.955c  at  a 
frequency  near  20  MHz.  This  is  in  contrast  to  case  of 
bare  conducting  wire  that  can  become  a  fast  wave  in  a 
transition  region  as  discussed  in  the  next  section.  Actual¬ 
ly  a  dielectric  coating  tends  to  make  the  phase  velocity 
slower.  Accordingly,  it  can  be  said  that  a  fast  wave  is 
almost  impossible  for  a  dielectric  coated  wire  unless  its 
dielectric  layer  is  extremely  thin. 

Fig.  7  shows  the  complex  characteristic  impedance. 
Its  resistance  Ro  possesses  a  low-frequency  limit  of  about 
500  Q,  decreasing  monotonically  with  increasing  fre 
quency,  while  its  reactance  Xo  is  capacitive  in  the 
ground-return  region  qnd  tends  to  be  slightly  inductive  in 
the  transition  region,  but  diminishing  in  surface-wave 
region. 

Fig.  8  represents  the  frequency  characteristics  of  the 
series  impedance  and  the  parallel  admittance.  Among 
them  line-loss  parameters,  R  and  G,  are  both  similar  in 
shape  to  attenuation  characteristics  in  the  sense  that  they 
possess  both  a  maximum  and  a  minimum  in  the  transition 
region.  Further,  the  parallel  conductance  G  is  more 
similar  to  attenuation  characteristics  in  the  sense  that 


Fig.  7.  Characteristic  impedance. 


Fig.8.  Circuit  parameters. 
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frequencies  for  the  maxi¬ 
mum  and  minimum  con¬ 
ductance  exactly  coincide 
with  those  for  the  maximum 
and  mini-mum  attenuation 
and  that  the  maximum  con¬ 
ductance  decreases  with  in¬ 
creasing  earth’s  dielectric 
constant,  resulting  in  the 
Fig.9.  Attenuation  (theory  smoothing  of  the  character- 
and  experiment)  istics.  On  the  other  hand, 
the  series  inductance  and 

parallel  capacitance  exhibit  far  less  dispersion  over  a 
whole  range  of  frequencies,  though  the  former  and  the 
latter  slightly  decreases  and  increases,  respectively  in  a 
monotonous  manner  with  increasing  frequency. 

Finally,  Fig.9  represents  a  comparison  of  theory  and 
experiment  for  a  polyethylene-coated  copper  wire  men¬ 
tioned  above  but  for  60  cm  high  above  the  ground.  The 
theory  is  in  satisfactory  agreement  with  experiment. 

In  summary,  it  can  be  stated  that  attenuation  charac¬ 
teristics  are  best  correlated  with  the  parallel  conductance 
and  that  a  decrease  in  attenuation  in  the  transition  region 
is  due  entirely  to  the  first-author’s  function  Q'- jP'  intro¬ 
duced  as  a  correction  to  the  parallel  admittance,  which 
plays  a  crucial  role  in  propagation  characteristics. 

4  THE  K-WAVE  FOR  A  BARE  CONDUCTING 
WIRE  AND  ITS  WEAK  COUPLING  TO 
THE  ZENNECK  WAVE 

In  the  preceding  section,  we  have  been  concerned 
with  the  K-wave  for  a  dielectric  coated  wire  or  a  G-line 
above  the  ground.  The  present  section  is  to  elucidate  the 
effects  of  dielectric  coating  by  dealing  with  a  bare  con¬ 
ducting  wire  in  particular  reference  to  its  coupling  to  the 
Z-wave,  although  the  study  of  the  K-wave  actually 
started  with  this  case  when  a  ‘transition  phenomenon’ 
was  discovered  as  early  as  1950s  [7,  8,  9,  10], 

Let  a'=a  for  Eqs.(18)  to  (21).  Then,  the  second  term 
of  the  right-hand  side  of  Eq.(18)  is  canceled  out.  We 
assume  that  the  wave  phase  velocity  would  slightly 
deviate  from  c,  the  velocity  of  light,  holding  the  approxi¬ 
mations  L]S=0,  A.22*k22-ki2.  To  evaluate  F,  one  takes  A., 
=0  as  a  zeroth  order  quantity  and  proceeds  to  the  first 
approximation.  Then  the  substitution  of  Eq.(18)  in  the 
first  of  Eq.(17)  leads  to  a  simple  but  accurate  expression 
for  T  [14]  in  spite  of  the  first  approximation,  usually  over 
ground-return  and  transition  regions  as  seen  hereafter, 
namely 

a=  (co/c)-  {(5,743)+  P-P'}//»{(2h  -a)/af,  (23) 

P=  (co/c)  •  [  I  +  { (5L/4a)+  Q-Q' }  tin  { (2h-a)/a }  ],  or 
v  =  co/p  =  c  [H(5,74a)+  Q-Q'}//»{(2h-a)/^}],  (24) 

where 

5,.=  ( 2/wa, p,.) 12  ,  (25) 

the  skin  depth  of  wire. 

In  particular,  let  P'  =  Q'  =  0  in  Eqs.(23)  and  (24). 
Then,  the  Carson-Poliaczek  theory  in  the  ground-return 
region  is  recovered. 

From  Eq.(24),  we  notice  that 


v  =  co/p  <  c  for  Q-Q'  +  (5c/4a)  >  0,  (26) 

v  =  ca/p  >  c  for  Q-Q'  +  (6,74a)  <  0  (27) 

In  other  words,  the  K-wave  can  be  a  fast  wave  in  a  range 
of  frequencies  for  Eq.(27),  actually  in  the  transition  re¬ 
gion  as  seen  below.  According  to  the  Carson-Poliaczek 
theory,  however,  the  wave  is  always  a  slow  wave  by 
putting  Q'  =  0  in  Eq.(26),  since  Q  >  0. 

Figs.  10  and  11  represent  attenuation  and  phase  char¬ 
acteristics  obtained  from  a  purely  numerical  solution  for 
a  bare  conducting  wire  (radius:  2.5  nun)  with  various 
height,  o2  =a  =1(T2  S/m,  £i=e0,  and  e2  =10eo,  while  the 
open  circles  represent  purely  analytical  solutions.  One 
notices  that  beyond  a  certain  height  of  wire  (0.5  ~  l  m) 
numerical  results  exhibit  a  discontinuity  in  both  attenu¬ 
ation  and  phase  velocity  at  a  certain  frequency  where  the 
attenuation  curve  of  the  K-wave  should  cross  that  of  the 
Z-wave  and  where  the  K-wave  tends  to  become  a  fast 
wave  from  a  slow  wave  at  lower  frequencies,  approach¬ 
ing  but  never  reaching  the  phase  velocity  of  the  Z-wave. 
Such  a  discontinuity  arises  from  difficulties  in  performing 
numerical  integration  for  Q'-  jP'  because  of  singularities 
around  that  frequency,  although  analytical  solutions  do 
not  exhibit  discontinuities.  This  indicates  that  there  may 
be  a  weak  coupling  between  the  K-  and  Z-waves  at  a 
lower  edge  of  the  transition  region  and  that  the  K-wave 
keeps  a  fast  wave  throughout  the  transition  region.  It  is 
seen  that  both  the  ground-return  and  transition  regions 
tend  to  shift  to  higher  frequencies  and  the  K-wave  in  the 
transition  region  tends  to  become  faster  with  decreasing 
height  of  the  wire.  However,  the  K-wave  in  the  ground- 
return  region  is  always  a  slow  wave. 

On  the  other  hand,  it  is  also  seen  that  the  K-wave 
tends  smoothly  to  a  TEM-type  of  the  C-P  wave  in  the 
ground-return  region  or  to  the  Sommerfeld  TMqi  wave  in 
the  surface  region  with  decreasing  or  increasing  frequen¬ 
cy,  respectively,  while  the  K-wave  transfers  to  the  S- 
wave  with  increasing  height  of  the  wire. 

From  Secs. 3  and  4,  it  should  be  summarized  that  in 
contrast  to  a  possible  weak  coupling  for  a  bare  conduc¬ 
ting  wire,  there  is  no  coupling  for  a  dielectric  coated 
conducting  wire  between  the  K-  and  Z-waves,  since  the 
K-wave  is  a  slow  wave  over  a  whole  range  of  frequen¬ 
cies  unless  its  dielectric  layer  is  extremely  thin 


Fig.  10.  Attenuation.  Fig.  11.  Normalized  phase  velocity. 
(S-line  above  ground) 
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5.  COUPLING  BETWEEN  A  PLANE  WAVE 
AND  THE  K-WAVE  AND  A  NEW 
TRAVELLING  WAVE  ANTENNA 

In  contrast  to  a  weak  coupling  between  the  K-  and 
Z-waves  described  in  the  preceding  section,  it  is  possible 
to  obtain  a  strong  coupling  between  the  K-wave  for  a 
bare  conducting  wire  and  a  plane  wave  of  grazing  inci¬ 
dence  in  the  transition  region  by  making  the  front  veloc¬ 
ity  of  the  plane  wave  along  the  interface  equal  to  the 
phase  velocity  of  the  K-wave.  This  can  be  done  by 
changing  the  angle  of  incidence  of  the  plane  wave.  Based 
on  this  principle,  one  can  construct  a  new  type  of  trav¬ 
elling-wave  antenna  [15]  similar  in  construction  to  and 
different  in  function  from  the  Beverage  antenna.  Actually, 
the  induced  wave  on  the  Beverage  antenna  is  a  TEM 
type  of  a  slow  wave  in  the  ground-return  region,  while 
the  front  velocity  of  the  incident  sky  wave  along  the  wire 
is  higher  than  the  velocity  of  light  (fast  wave)  for  oblique 
incidence  and  is  equal  to  it  for  horizontal  incidence.  Due 
to  this  difference  in  velocity  between  the  line  and  sky 
waves,  the  phase  difference  increases  as  both  waves  pro¬ 
gress,  resulting  in  the  decrease  of  the  line  current.  In 
other  words,  the  induced  line  wave  couples  only  weakly 
to  the  sky  wave  in  contrast  to  a  strong  coupling  and  con¬ 
sequently  a  much  higher  gain  for  the  new  antenna.  This  is 
an  essential  difference  between  the  Beverage  and  the  new 
antenna.  Details  of  the  new  antenna  are  not  aimed  in  this 
article  but  are  to  be  discussed  elsewhere. 

6.  CONCLUSIONS 

The  K-wave  is  a  natural  hybrid  Zenneck-  Sommer- 
feld  or  -Goubau  wave  arising  from  the  presence  of 
ground  and  its  low  frequency  side  is  related  to  a  TEM 
type  of  the  Carson-Pollaczek  wave  and  the  Beverage 
aerial.  In  the  transition  region,  its  attenuation  has  a  maxi¬ 
mum  and  a  minimum  and  it  becomes  a  fast  wave,  al¬ 
though  it  is  a  slow  wave  in  the  rest  range  of  frequencies, 
namely  in  both  the  ground-return  and  the  surface-wave 
region.  Consequently,  the  K-wave  transfers  smoothly  to 
the  C-P  wave  with  decreasing  frequency  and  to  the  S-  or 
G-wave  with  increasing  frequency. 

There  may  be  a  weak  coupling  between  the  K-  and 
Z-waves  at  the  lower  edge  of  the  transition  region  where 
the  phase  velocity  of  the  K-wave  tends  to  become  close¬ 
st  to  that  of  the  Z-wave  but  never  reaching  it. 

Finally,  it  is  indicated  that  there  may  be  a  strong  cou¬ 
pling  between  an  incident  plane  wave  and  the  K-wave  for 
a  bare  conducting  wire  under  certain  conditions. 

7.  REFERENCES 

7.1.  J.  Zenneck,  “Uber  die  Fortpflanzung  ebener 
elektromagnetischer  Wellen  langs  einer  ebenen 
Leiterflache  und  ihre  Beziehung  zur  drahtlosen 
Telegraphie”,  Ann.  d.  Phys.,  Vol.23,  No.9,  1907, 
pp.  846-866. 

7.2.  A.  Sommerfeld,  “Fortpflanzung  elektrodynam- 
ischer  Wellen  an  einem  zylindrischen  Leiter”, 

Ann.  Phys.  Chan.,  Vol.67,  1899,  pp.233-290. 


7.3.  G.  Goubau,  “Surface  Waves  and  Their  Ap¬ 

plication  to  Transmission  Lines”,  J.  Appl.  Phys., 
Vol.21,  No.  11,  1950,  pp.1119-1 128.  ■ 

7.4.  J.R.  Carson,  “Wave  Propagation  in  Overhead 
Wires  with  Ground  Return”,  Bell  System  Tech.  J., 
Vol,  5,  1926,  pp.  539-554. 

7.5.  F.  Pollaczek,  “Uber  das  Feld  einer  unendlich 
langen  wechselstrodurchflossenen  Einfachleit- 
ung”,  Elek.  Nadir.  Tech.,  Vol.3,  1926,  pp.339- 
359. 

7.6.  H.H.  Beverage,  C.W.  Rice,  and  E.W.  Kellogg,  “A 
New  Type  of  Highly  Directive  Antenna”,  Transac¬ 
tions  A.I.E.E.,\o\A2,  No.2,  1923,  pp.215-266. 

7.7.  H.  Kikuchi,  “Wave  Propagation  along  Infinite 
Wire  above  Ground  at  High  Frequencies”,  Elec¬ 
trotechnical  J.  Japan,  Vol.2,  No. 3/4,  1956,  pp. 
73-78. 

7.8.  H.Kikuchi,  “On  the  Transition  from  a  Ground 
Return  Circuit  to  a  Surface  Waveguide  -  etude  de 
la  transition  entre  un  circuit  de  retour  la  terre  et  un 
guide  d’onde  de  surface”,  L  'onde  Elec.,  Vol.38 
(Special  Suppl.),  1957,  pp.39-45. 

7.9.  H.  Kikuchi,  “Electromagnetic  Fields  on  Infinite 
Wire  above  Plane-Earth  at  High  Frequencies”, 
(Japanese),  J.Inst.  Elec.  Eng.  Japan,\o\.Tl,  No.6, 
1957,  pp. 721-733. 

7. 10.  H.  Kikuchi,  “Propagation  Coefficient  of  the 
Beverage  Aerial”,  Proc.  IEE,  Vol.  120,  No.6, 

1973,  pp.637-638. 

7.11.  M.  D’Amore,  “Field-Eexcited  Multi-Conductor 
Transmission  Lines”,  Proc.  of  th  International 
Symp.  on  Electromagnetic  Compatibility, 
September  17-20, 19%,  Rome,  Italy. 

7. 12.  J.  Chiba,  “On  the  Equivalent  Circuit  for  the  G- 
line  above  Ground”,  to  appear  in  Proc.  of  the 
Wroclaw  Symp.  on  Electromagnetic  Compatibili¬ 
ty,  June  23-25,  1998,  Wroclaw,  Poland. 

7. 13.  H.  Kikuchi,  “Propagation  Characteristics  along  a 
Dielectric  Coated  Cylindrical  Conductor  above  the 
Ground”,  Proc.  IEEE,  Vol.66,  No.3,  1978, 

pp.  35 1-352. 

7.14.  H.  Kikuchi,  “Power  Line  Transmission  and  Radi¬ 
ation’  ’,  in  Power  Line  Radiation  and  Its  Coupling 
to  the  Ionosphere  and  Magnetosphere,  H  Kikuchi 
(ed.),  D.  Reidel,  Dordrecht,  1983,  pp.59-80. 

7. 15.  H.  Kikuchi,  “Parametrically  Amplifying  Traveling- 
Wave  Antenna”,  US  Patent  5,469,179,  1995;  UK 
Patent  2276985,  1996;  French  Patent  9404020, 
1997;  Japan  Patent  2636164,  1997. 

BIOGRAPHICAL  NOTES 

Hiroshi  Kikuchi  received  Ph.  D.  degree  from  Univer¬ 
sity  of  Tokyo  in  1959  and  was  Chief,  Ultramicrowave 
Laboratory  of  Electrotechnical  Laboratories,  MITI  until 
1961.  Before  his  return  to  Japan  as  Professor  of  Nihon 
University,  Tokyo  in  1973,  he  worked  with  University  of 
Oxford  and  several  Institutes.  He  was  Chairman,  URSI 
Commission  E  (1987-1990)  and  is  Life  Fellow  of  IEEE. 

Hiroshi  Inaba  received  M  S.  degree  from  Nihon  Uni¬ 
versity  in  199 land  now  works  with  Toshiba  Co.,  Tokyo. 


EMC  98 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


RELATIONS  OF  TM0„  TEo„  AND  HE,,  MODES  FOR  A  CONDUCTING  WIRE,  A  DIELECTRIC  ROD, 
AND  A  DIELECTRIC  COATED  CYLINDRICAL  CONDUCTOR  WITH  SOME  NETWORK 
REPRESENTATIONS  AND  THE  EFFECTS  OF  A  GROUND  ON  THOSE  MODES 


H.  Kikuchi  and  S.  Fukuda 

Nihon  University,  College  of  Science  ans  Technology 
8,  Kanda  Surugadai,  1-chome,  Chiyoda-ku,  Tokyo  101,  Japan 


Mutual  relations  of  the  lowest  three  modes,  TM0,, 
TE0i,  and  HE, ,  modes  for  three  different  lines,  S-,  D-, 
and  G-lines,  are  elucidated  on  the  basis  of  the  general 
characteristic  equations  of  a  dielectric  coated 
cylindrical  conductor  with  the  aid  of  mode  distribution 
and  charac-teristic  charts  which  are  still  not  well-known, 
since  a  S-  or  D-line  is  regarded  as  a  limiting  case  of  a 
G-line  with  diminishing  dielectric  layer  (s  -»  1  or  s  =  1 , 
s  =  ao/aj,  ao:  conductor  radius,  ai :  dielectric  radius)  or 
with  diminish-  ing  conductor  radius  (s->0  or  s=0).  In 
particular,  exact,  simple  solutions  and  a  network 
representation  are  given  of  the  TMo,  mode  for  a  lossy 
G-line  with  thick  dielectric  layer  and  are  compared  with 
Goubau  's  solution.  In  addi-tion,  the  field  extent  of  7M01, 
TEoi,  and  HE,,  modes  for  three  different  lines  are 
estimated  with  the  aid  of  a  ‘scale  radius  ’  as  a  measure 
of  the  effects  of  a  ground  to  be  in-vestigated  in  detail  in 
the  future  except  for  the  TM0 1  modes  of  S-  and  G-lines. 

1.  INTRODUCTION 

While  a  dielectric  rod  (D-line)  is  so  familiar  in 
connec-tion  with  optical  fiber  communications,  it  is 
closely  re-lated  to  a  thickly  dielectric-coated  conducting 
wire,  the  so-called  ‘G-line’  and  can  be  treated  as  its 
special  case  when  its  conductor  radius  shrinks  to  zero.  At 
the  same  time,  a  single  conducting  wire,  the  so-called  ‘S- 
line’  is  also  considered  its  special  case  when  the  dielectric 
thick-ness  shrinks  to  zero.  It  is  therefore  interesting  to 
investi-gate  the  most  general  case  of  G-line  as  initiated 
by  one  of  the  authors  [1,2]  and  to  relate  it  to  D-  and  S- 
lines 

A  general  theory  of  G-line  is  presented  on  the  basis 
of  the  characteristic  equations  in  Sec.2„  and  propagation 
modes  are  discussed  in  Sec.3,  particularly  on  TMo,,  TE0,, 
and  HE  u  modes  with  the  aid  of  mode  distribution  and 
characteristic  charts  Numerical  results  are  given  of  phase 
and  attenuation  characteristics.  It  is  stressed  that  a  G-line 
possesses  two  no-cutoff  modes,  TMoi  and  HEU,  since 
this  is  still  not  well-known.  It  is  noted,  however,  that 
the  TMoi  mode  of  a  G-line  does  not  approach  that  of  a 
D-line  for  s~>0,  since  the  conducting  wire  still  remains 
with  infi-ni-tesimal  radius.  Actually,  a  D-line 


with  s=0  has  a  finite  cutoff  TMoi  mode  different  from 
that  of  the  G-line.  The  TMoi  and  TEoi  modes  of  a  G-line, 
however,  tend  smoothly  to  those  of  the  S-line  for  s~»l, 
while  the  scale  radius  of  the  HEn  mode  of  a  G-line 
rapidly  increases  for  s  ->1,  indicating  its  transfer  to  a 
plane  wave. 

The  field  extent  of  TMoi,  TEoi,  and  HEn  modes  for 
three  different  lines  are  estimated  with  the  aid  of  a  ‘scale 
radius’  as  a  measure  of  the  effects  of  a  ground. 

2.  CHARACTERISTIC  EQUATION  FOR  A  DIELEC¬ 
TRIC  COATED  CYLINDRICAL  CONDUCTOR 


Consider  an  infinitely 
long,  lossless,  dielectric 
coated  wire  with  a  cylin¬ 
drical  coordinate  system 
p,  0,  z  as  shown  in  Fig.  1 . 
Then  the  longitudinal  z 
components  of  E  (electric) 
and  H  (magnetic)  fields  in 
medium  1  (dielectric  layer) 
and  2  (air)  are  expressed, 
assuming  the  temporal  and 
spatial  factor  ei(<Bt"pz),  as: 


Eu=  AZEn(pp/ai)cosn0'ei(“*‘pz),  (1) 

H,j.=  B  Znn  (pp/a,)  sin  n8  •  e** '  ►»,  (2) 

E2z  =  C  K„  (qp/a,)  cos  n0  •  eK“t  ‘  *>,  (3) 

H2z  =  D  K,  (qp/a,)  sin  n0  ■  eK‘Dl  ’ (4) 


where  K„  is  the  modified  Bessel  function  of  the  second 
kind,  and  Z&,  and  Zm  are  the  following  linear  combi¬ 
nations  of  the  Bessel  functions  of  the  first  and  second 
kinds  chosen  so  as  to  satisfy  the  boundary  conditions  on 
the  surface  of  medium  0  (conducting  wire): 

Z&.  =  J„(pp/a,)  Y„(sp)  -  Y„(pp/a,)  Jn(sp),  (5) 

Zft,  =  J„(pp/a,)  Yn'(sp)  -  Yn(pp/a,)  J„'(sp),  (6) 

where  s  =  ao/a,,  ao  and  a,  are  the  conductor  and  the 
dielectric  radius,  respectively.  Then,  the  following  rela- 


Fig.  1 .  Dielectric  coated 
conductor 
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tions  hold: 

k12  =  o2e,ni  =  p2  +  p2/a12,  ( e,  =  es2,  p,  =gg2 )  (7) 

k22  =  ko2  =  ffl2e2p2  =  P2  -  q2/a,2,  ( s2  =  e0,  p2  =go )  (8) 

where  k„  is  the  wave  number;  e„  and  s  the  absolute  and 
relative  dielectric  constants;  p*  and  p  the  absolute  and 
relative  permeabilities;  p  is  the  phase  constant.  Elimina¬ 


ting  P  from  Eqs.(7)  and  (8),  we  obtain 

2jta1/Ao  =  [(p2+q2)/(ep-l)]1/2.  (9) 

where  A«  is  the  free  space  length  given  by 

Ao  =  2ji/ko=27t/[(0  (eoPfl)1/2]=27ic/(o,  (10) 

where  c  is  the  velocity  of  light  in  free  space.  Putting 

p  =  2idX%  =  koU=  (2ti/A<,)U,  (11) 

where  Agis  the  guide  wavelength,  we  obtain  from  Eqs.(7) 
and  (8) 

U  =  VAg=[(p2-W)/(pV)f2.  02) 

Then,  one  obtains  the  phase  velocity 

Vp={o/ P = Agf=c Ag/Xo=c/U,  vp=Vp/c=Ag/Afl=  U-1  (13) 

A  relation  between  the  parameters  p  and  q,  namely 


characteristic  equation  is  obtained  by  fulfilling  the 
boundary  conditions  at  p  =  a,  as  follows: 

n2[(eg/p2)+(  1  /q2)][(  1  /p2)+(  1  /q2)Mefrn+gn)(pfHn+gn), 

(14) 

where 

fan  =  ZEn’(p)/pZEn(p),  fHn  =  ZH„'(p)/pZHn(p), 
g0=Kn'(q)/qKn(q),  (15) 

the  primes  denoting  differentiation.  For  given  values  of  co, 
n,  e,  and  p,  Eqs.(l  0)  and  (14)  yield  a  pair  of  values,  p  and 
q,  defining  a  mode  propagating  along  the  guide.  It  is 
convenient  to  introduce  two  more  abbreviations: 

V.spoB/A,  V23T|qD/C,  (16) 

where  q0  =  (Mr/eo)12  is  the  intrinsic  impedance  of  free 
space.  Then,  we  have  from  the  boundary  conditions  of 
the  electric  and  magnetic  field  components  at  p  =  aj 

C/A  =  ZEn(p)/Kn(q),  D/B  =  ZHn(p)/Kfl(q),  ( 1 7) 

V,/V2  =  ZEn(p)/ZHn(p),  (18) 

V2-[(6fF.n+gI1)/(pf„n+gn)]1'2.  (19) 

By  solving  Eqs.(9)  and  (14)  simultaneously,  we 
obtain  the  relations,  p,  q,  and  V  Since  q  can  take  the 
values  from  0  to  oo  from  Eq.(8),  the  range  of  values  of 


the  wavelength  is  given,  from  Eq.(12),  by 

Ao>Ag>  V(ep)1/2  or  l<U<(ep)I/2,  (20) 

where  q  =  OorU=l(Ag  =  Ao)  corresponds  to  cutoff 

and  the  cutoff  wavelength  is  given  from  Eq.(9)  by 

Age =  2jtai(ep-l)]V2/[p]q=o.  (21) 

In  order  to  see  the  field  extent  around  a  line,  it  is 
convenient  to  introduce  a  parameter  of  ‘scale  radius’,  ps 
as  a  measure  of  it,  which  may  be  defined  as 

Ps  =  ai/q,  (22) 

since  the  asymptotic  expression  of  all  the  electric  and 
magnetic  field  factor  can  be  expressed  as 

K„(qp/ai)  -  (7ra]/2qp)exp(-qp/ai)  for  large  p.  (23) 

3  TRANSMISSION  MODES  OF  DIELECTRIC 
COATED  CYLINDRICAL  CONDUCTOR 
AND  APPLICATIONS  TO  DIELECTRIC 
(s=0)  AND  CONDUCTING  WIRES  (s=l) 

In  order  to  investigate  the  characteristics  of  the 
transmission  modes,  and  particularly  to  make  clear  the 
properties  near  the  cutoff,  it  is  convenient  to  rewrite 
Eq.(14)  by  using  the  recurrence  formula 

gn=Kn'(q)/qKn(q)=-K^1(q)/qKn(q)-n/q2 
— G„(q)-n/q2.  (24) 

This  yields 

(n2/p2)[(ep/p2)+(6p+l)/q2]={sfEn(p)-Gn(q)}{pfHn(p) 
-Gn(q)}-(n/q2){efEn(p)+pfH„(p)-2Gn(q)}  (25) 

3.1.  Symmetrical  modes  (n  =  0):  E0m(TM0m)  and  Hom 
(TEoJ 

Eq.(25)  or  Eq.(14)  separates  into  two  parts: 

efEO(p)-Go(q)=EfEo(p)+go(q)=0,  (26) 

pfHo(p)-Go(q)=pfHo(p)+go(q)=0.  (27) 

The  solutions  of  Eqs.(26)  and  (27)  give  Eo(TMo)  and  Ho 
(TEo)  modes,  respectively,  because  the  former  corre¬ 
sponds  to  V2=0  (D  =  =  0)  from  Eqs.(16)  and  (4) , 

and  the  latter  to  1/V2=0  (C  =  E^  =  0)  from  Eqs.(16)  and 

(3). 

Since  q  moves  from  zero  to  infinity,  the  frequency 
varies  from  cutoff  to  infinity.  Then,  referring  to 

go(q)  =  ~G0(q)=  Ko'(q)/qKo(q)  =  -  K,(q)/qKo(q) 
-»l/[q2{/«(q/2)  +  C}]  -»  (-)  oo  forq->0  (28) 

— ¥  -  1/q  — >  -0  for  q  — >  cc  (29) 

from  Eq.(21),  p  varies  in  each  interval  between  zeros  of 
1/ftoand  fEOfrom  Eq.(26)  for  the  Eom(TMom)  modes  and 
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1/fno  and  fn0  from  Eq.(27)  for  the  HomCTEom)  modes.  If 
we  denote  the  mth  zeros  of  l/fF/0  and  l/fn0  by  pF.omand 
Pnom,  respectively,  the  cutoff  wavelength  of  each  mode  is 
given  from  Eq.(21)  by 

^•EOro=27ta|(6M’_Ol/2^pEOm.  ^-HOm=2tta i  (e  M-- 1 )  l2/pn0m  (30) 

Since  Peoi  =  0,  pHoi  *  0,  only  the  Eoi  (TMoi)  mode  has  no 
cutoff  frequency  as  is  well-known  for  the  G-line. 

3.2.  Hybrid  modes  for  n>l :  HE™,  and  EH™ 

In  the  vicinity  of  the  cutoff  for  q  ->0,  Eq.(25) 
becomes 

n(ep  +l)/p2+EfEn(p)+|ifHn(p)=  2Gn(q)->2Ko(q)  for  n=l 
->l/(n-l)forn*l  (31) 

for  both  HE™  (for  larger  V2)  and  EH™  (for  smaller  V2) 
modes.  Since  we  have  from  Eqs.(l  5) 

f^-Kn/p2)  [( 1 +s2n)/(  1  -s2n)],  (32) 

fHn-Kn/p2)[(l-s2")/(l+s2n)]  (33) 

for  p-»0,  Eq.(31)  holds  for  n=l  when  p-+0  and  q— >0, 
simultaneously,  but  it  does  not  hold  for  n>l  when  p->0. 
In  other  words,  the  HEU  mode  has  no  cutoff  frequency 
for  0  <  s  <  1,  but  all  the  modes  for  n>l  always  possess 
finite  cutoff  frequencies.  The  upper  limits  of  p  of  each 
mode  must  satisfy  the  equation: 

n2/p4=fEn(p)fHn(p),  (34) 

which  is  obtained  by  making  q-»x  in  Eq.(25). 


3.3.  Numerical  results 

In  this  section,  some  numerical  results  for  TMoi,TE0], 
and  HEU  modes  are  given  for  e  =2.3  and  ai=  4.2mm. 
3.3.1.  Chart  of  mode  distributions 

Based  on  3. 1.  and  3.2.,  it  is  convenient  to  introduce  a 
chart  of  mode  distributions  in  a  range  of  p  for  s.  Fig.2 
shows  a  distribution  chart  of  TMoi,  TE0I,  and  HEh 
modes  for  various  s  =  ao/ai,  where  the  lower  limit  of  p 
corresponds  to  cutoff.  It  is  clear  that  TMoi  and  HE u 
modes  coexist  as  no  cutoff  modes  (p=0)  for  0<s<l, 
although  the  upper  limit  of  p  value  of  each  mode  is 
different  from  other.  With  vanishing  s  (s— >0),  the 
characteristics  of  TE0i  and  HEn  modes  approach  asymp¬ 


totically  those  of  pure  dielec¬ 
tric  rod  (s=0),  the  TMoi  is 
still  a  no  cutoff  mode  be¬ 
cause  of  the  current  flowing 
in  an  infinitesimally  thin  con¬ 
ducting  wire  and  does  not 
approach  that  of  pure  dielec¬ 
tric  rod.  This  is  an  essential 
difference  between  a  dielec- 


Fig.2.  Chat  of  mode  trie  coated  conductor  and  a 


distributions.  dielectric  rod.  In  fact,  for  s=0 


Fig.4.  TMoi  (M-C). 


(pure  dielectric  rod),  the  TMoi  mode  possess  a  finite 
p=joi  =2.40  with  the  same  range  of  p  as  the  TEo  mode, 
namely  joi^pijn  =  3.83,  although  the  HEnmode  is  still  a 
no  cutof  one.  In  summary,  the  TMoi  wave  for  0<s£l  and 
the  HE  u  wave  for  05s<l  are  no  cutoff  modes,  and  the 
TEoi  mode  has  different  cutoff  wavelengths  proper  for 
different  s  values. 

xer  ,  3.3.2.  Chart  of  mode  character- 

%.  J  istics(M-C) 

is  |  J  Figs.3~5  shows  the  charae- 

U  teristic  p-q  curves  with  para- 
io  Jr  meter  s  for  HEi  i,  TMoi,  and 

J  /  TEoi  modes  obtained  by  solv- 
o5  •  //  /  I  ingEq.(  14)  or  (25)  numerically. 

jy//  1  From  these  curves,  one  can  com- 
„  ■  .  I  pare  a  degree  of  field  extent  a- 

'0  15  20 '  r  ,  ,  f.  .  ,  , 

p  :  round  the  line,  smee  q  also  be- 
Fig.3.  HEn  (M-C).  comes  its  measure,  larger  q  indi- 
»r  |  j  j  eating  better  concentration  of 

LL  /  /  the  fields  from  the  relation  to  the 

'  /  /  radius  p,  =  ai/q  in  Eq.(23) 

to  j  j  /  j  Thus,  with  increasing  dielectric 

\  /  / /  ^  i  thickness,  the  field  concentration 
85  /  becomes  better  for  all  three 

modes. 

°.  05  10  13  p M  While  the  characteristic 

Fig.4.  TMoi  (M-C).  curves  of  HEu  and  TEoi  modes 
io,  II  I  I  for  s=10“5in  Figs. 3  and  5  coin- 

*■  J  cide  with  those  of  a  pure  dielec- 

)L  j  I  j  trie  rod,  respectively,  the  p-q 
6  I  /  /  J  i  curve  TMoi  mode  for  s=10-5 
4  III /  y  in  Fig.4  does  not  agree  with  that 

2  J///  y/  a  Pure  dielectric  rod  (s=0), 

yy/  / y'  y>  because  a  thin  conductor  still  ex- 
0  25  m  35  4op45  ists  for  s=10-3  and  a  current 
Fig.  5.  TE0i  (M-C).  flows  in  it. 

3.3.3.  Scale  radius 

Fig.6  shows  an  example  of  the  scale  radius  -  2ai/Xo 
for  TMoi,  TEoi,  and  HEu  waves,  assuming  ao=1.15  mm 
and  cr-5.8x  107S/m:  conductivity  of  copper.  It  is  seen 
that  the  degree  of  concentration  of  the  HEU  wave  is 
much  lower  than  that  of  the  TMn  wave  in  such  a  way 
that  its  transmission  energy  tends  rapidly  to  leak  into  the 
air  with  decreasing  frequency  from  about  9  GHz 
=0.25)  and  its  extent  rapidly  increases,  eventually  ap¬ 
proaching  a  plane  wave.  For  the  TEoi  wave,  electro¬ 
magnetic  energy  tends  to  expand  to  all  the  space  below 
J  j^j-'^|:F|~|-r|p|=|  1 1 J  j  j  2ai/Xo=0.76  and  to  become  a 
i«i  ::::::::  x::::;  plane  wave,  but  beyond  the  cut- 
'  !  =  =  iii=:ip5i=  off  its  degree  of  concentration 
:q|EEEE:  ipEEEE: !  increases  abruptly  as  seen  in 
IP1  ,MoiVntn~~  Fig.6. 

lEHrtr-  ------:  For  both  G-  and  D-lines,  the 

,i>  "  T '  ’  ~  ' - 1  scale  rac*'us  increases  with  de- 

!i^2|!^!|!|!  creasing  frequency;  for  a  G-line, 

_  irjii-SSs');;:::  more  rapidly  for  the  HEu  than 
o  the  TMqi  and  most  rapidly  for 

Fig.6.  Scale  radius.  i  the  TEoi  mode  with  approaching 
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its  cutoff;  for  a  D-line,  more 
rapidly  for  the  TMoi  than  the 
TEo!  with  approaching  a  com¬ 
mon  cutoff  and  most  rapidly  for 
the  HE u  mode. 

3.3.4.  Phase  velocity  (P.V.) 

Figs.  7-9  shows  frequency 
characteristics  of  normalized 
phase  velocities  with  a  parameter 
s  for  HE|  and  TEoi 

modes.  For  each  mode,  the  low¬ 
er  the  frequency  or  the  thinner 
the  dielectric  layer,  the  greater 
the  field  extent,  the  phase  veloc¬ 
ity  approaching  that  of  a  plane 
wave,  c  in  the  air.  Conversely, 
jcMHri  the  higher  the  frequency  or  the 
thicker  the  dielectric  layer,  the 
better  the  field  concentration,  the 
phase  velocity  approaching  that 


of  a  plane  wave  c/(ep)1/2=c/(e) 
in  the  dielectric. 

Figs.  10,  11,  and  12  show 
the  phase  velocities  for  s=0.8, 
0.4,  and  0. 1,  respectively,  for 
HEU,  TMot,  and  TEoi  waves 
HE;  1  and  TMoi  waves  are  no 

I 


1/2 


Fig.  10.  P.V.  fors=0.8. 


Fig.ll.  P.V.  for  s=0.4. 
cutoff  modes  and  their  phase 
velocities  tend  to  become  closer 
with  approaching  a  millimeter 
wave  range. 

3.3.5.  Attenuation  characteristics 
The  loss  can  be  calculated  by 
a  perturbation  method  and  exact 
formulas  are  lengthy  and  given  in 


Fig.  12.  P.V.  fors=0.1.  Ref.[l,2], 


Fig.  13.  Attenuation  Fig.  14.  Attenuation 

(conductor+dielctric  losses),  (conductor  loss  only) 


Figs.  13  and  14  show  the  attenuation  characteristics 
for  HEn,  TMoi,  and  TE0(  modes  for  ao=1.15  mm  and 
ai=  4.2  mm,  including  both  conductor  and  dielectric 
losses  (o  =^5.8xl07S/m,  tan  5  =3xl0~4)  and  for  the  TEoi 
mode  with  parameter  s  (changing  ao)  taking  into  account 
only  conductor  loss  with  no  dielectric  loss.  It  is  interest¬ 
ing  to  see  in  Fig.  14  that  the  conductor  loss  of  the  TEoi 
mode  exhibits  a  maximum  just  beyond  the  cutoff  and 
tends  to  decrease  with  increasing  frequency  in  contrast  to 
a  conducting  circular  tube.  Practically,  however,  the 
attenuation  increases  monotonically  with  increasing  fre¬ 
quency  due  to  an  additional  dielectric  loss  for  the  TEoi 
mode  as  well  as  for  TMoi  and  HEn  modes,  as  shown  in 
Fig.  13. 

4.  TMoi  MODE  OF  G-LINE  WITH  A  THICK 
DIELECTRIC  LAYER  AND  ITS  DISTRIBUTED 
PARAMETER  LINE  REPRESENTATION 

Goubau’s  solution  of  the  TMoi  mode  is  only  an  ap¬ 
proximation  for  a  thin  dielectric  layer.  In  this  Section, 
more  exact  solutions  for  a  thick  dielectric  layer  are  given 
analytically  and  numerically  and  compared  with  his  solu¬ 
tion.  A  distributed  parameter  line  representation  of  the 
TMoi  mode  is  also  given  for  a  lossy  G-line. 

4. 1  Characteristic  equation  and  exact  solutions 

A  rigorous  characteristic  equation  of  the  TM^  mode 
for  a  lossy  G-line  with  a  thick  dielectric  layer  can  be 
written,  instead  ofEq.(26),  as 

qK0(q)/KI(q)=-j2rcai2tne2Zi,  (35) 

where  Zi  is  the  internal  impedance  of  the  line  and  can  be 
expressed,  taking  into  account  the  conductor  and 
dielectric  losses,  as 

Zi=[(l+j)/(23/2aa0)](cDMc/ac)I/2+(jcoHi/27t){l-  (eo/ei)(l 
+  j  tan  5  )}ln  (ai/ao).  (36) 

When  the  dielectric  is  not  too  thick,  i.e.  |qj  «  1,  Eq.(35)  is 
simply  written  as 

=  (37) 

where 

^r-j^=(Yq/2)',  q=-nr+jnrjtry2(oeia,2Zi,  (n,  «  qr)(38) 

and  there  is  a  relation  between  q  and  the  propagation 
constant  T ; 

r  =  a+jp=jko[l+(q/koa02],/2.  (39) 

Substitution  of  Eqs.(38)  in  Eq.(37)  yields 


£r  =  -Hr,  (40) 

l  =  4  +  Cni)/(/"  ^r  +  l)=^r- X  (Sr<Tl,).  (41) 
Substituting  Eqs.(38)  in  Eq.(39),  we  obtain 
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a  “(2/y2)  •  (^rr| j)/{  k<,a  ,2(rjr-^f ) } ,  (42) 

P  =  k0[l+(2/Y2)-!y(koai)2}]  or 

vp=c[l-(2/y2)-{y(k0a,)2}].  (43) 

4.2.  Equivalent  distributed  parameter  line 

Incorporating  the  external  impedance  of  the  line,  Zc 
to  Eq.(36),  the  series  impedance  and  the  parallel 
admittance  of  the  line  for  the  TM,n  mode  can  be 
expressed  as 


Z  -  R  +jcoL-  Zj  +  Ze=  Zj+{jcop/(27t)}/«{2/(yq)}.  (44) 

Y  =  G+jcoG=j2ro3e///t{2/(yq)},  (45) 

r  =  a+j3  =  (ZY)1/2,  Zfl=(Z/Y)12,  (46) 


C(f) 


R(f)  .  L(f) 

—  where  Z0  is  the  characteristic 
impedance,  being  considered  a 
distributed  parameter  line  as 
shown  in  Fig.  15. 

Fig.  1 5.  Equivalent  circuit.  Figs.  1 6  and  1 7  shows  fre¬ 
quency  characteristics  of  the  attenuation  and  normalized 
phase  velocity  of  the  TMot  mode  obtained  from  various 
solutions  in  comparison  for  a  polyethylene  coated  copper 


- — -  rigorous  (lossy) 

—  ours  1 

—  Goubau 
.......  rigorous 

(lossless)’, 


Fig.  16.  Attenuation.  Fig.  17.  Normalized  phase  velocity, 
wire  (e  =  2.3,  tan5  =  10'\  ao=l .  1 5  mm,  ai=  4.2  mm,  ac  = 
5.65  xlO  S/m).  The  solid  and  chain  lines  refer  to  a 
rigorous  solution  obtained  from  Eq.(35)  and  our  exact 
solution  from  Eqs.(42)  and  (43)  and  the  large  broken  line 
refers  to  Goubau’s  solution,  while  the  small  broken  line 
in  Fig.  16  refers  to  a  rigorous  solution  for  lossless  case. 

It  is  seen  that  our  exact 
solution  well  coincides  with 
a  rigorous  solution  below  2 
GHz,  while  Goubau’s  solu¬ 
tion  is  somewhat  larger  in 
attenuation  and  somewhat 
smaller  in  phase  velocity, 
deviating  from  a  rigorous 
solution  with  increasing  fre- 
Fig  18.  Circuit  parameters,  quency.  In  contrast  to  his 
rather  tedious  procedure  of  re-peating  several  graphical 
solutions.,  our  method  is  ex-tremely  simple,  since  the 
analytical  solution  is  already  a-vailable  in  Eqs.(42)  and 
(43)  and  a  graphical  solution  is  also  obtained  immediately 
by  using  a  sheet  of  graph.  Fig.  17  represents  the 
frequency  characteristics  of  various  circuit  parameters,  R, 
L,  G,  C,  and  Z0. 


7.  CONCLUSIONS 

A  unified  treatment  for  S-,  D-,  and  G-lines  is  now  a¬ 


vailable  on  the  basis  of  a  rigorous  theory  of  thickly  di¬ 
electric-coated  conducting  wire  (G-line)  where  (s  =  0  or 
s->0)  or  (s=l  or  s-»l)  goes  to  a  D-  or  S-line, 
respectively. 

It  has  been  proved  that  charts  of  mode  character¬ 
istics  and  distributions  are  most  useful  for  a  comparative 
survey  of  various  modes  for  different  lines  in  size  and 
structure. 

While  a  thickly  dielectric  coated  G-line  has  two  no¬ 
cutoff  modes,  TMoi  and  HEn.  an  exact  and  simple  solu¬ 
tion  and  a  network  representation  have  been  obtained  for 
the  TMqi  mode. 

Although  the  field  extent  around  lines  can  be  esti¬ 
mated  from  the  ‘scale  radius’  and  the  effects  of  a  ground 
on  the  TMoi  mode  have  been  well  established  for  both 
S-  and  G-lines,  its  effects  on  the  HEn  mode  are  still 
large-ly  open  for  both  G-  and  D-lines  and  on  both  TMoi 
and  TEqi  modes  for  a  D-line. 
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Exposure  on  electromagnetic  radiation  is  a  big  public 
problem  in  our  times.  In  the  last  years  all  Polish  Telecom 
Transmitting  Stations  (PTTS)  have  lunched  new  additional 
emissions:  FM,  UHF  TV  and  mobile  systems.  In  the  result  the 
levels  of  radiation  around  PTTS  are  increased. 

Polish  Telecom  (TP  S.A.)  as  the  biggest  FM  and  television 
broadcast  operator  in  Poland,  carry  an  extensive  program  of 
complex  analysis  of  radiation  situations  around  (PTTS).  In  this 
program  resultant  electric  field  strength  (in  the  frequency  range 
10  MHz  -r  300  MHz)  and  power  flux  density  (in  the  frequency 
range  300  MHz  ■*-  300  GHz)  are  calculated  for  the  purpose  of 
comparing  the  results  with  Polish  environmental  protection 
regulations. 

Such  analysis  brings  TP  S.A.  knowledge  how  many  new 
additional  emissions  can  be  hold  on  each  PTTS  also. 

In  this  paper  it  is  shown  that  exposure  limits  around  PTTS 
are  satisfy,  but  in  many  cases  it  was  achieved  by  modification  of 
the  antenna  system  radiation  patterns.  Earlier  is  was  necessary 
to  find  out  the  antenna  system  which  is  mostly  responsible  for 
the  exceeding  permitted  level  of  radiation.  Modifications  were 
done  for  the  purpose  to  decrease  the  radiation  near  antenna 
towers  with  no  changes  of  coverage  areas. 


1.  INTRODUCTION 


Radio  frequency  radiation  can  cause  health  hazards.  In 
Poland  occupational  and  public  exposure  limits  are  stronger 
than  in  other  countries.  Limits  for  public  exposure  are:  2  V/m  of 
resultant  field  strength  in  the  frequency  range  10  +  300  MHz, 
and  0,025  W/m2  of  resultant  power  flux  density  in  the  frequency 
range  300  MHz  +  300  GHz  [1,  2,  3,  5],  According  to  Polish 
regulations  in  each  frequency  range  resultant  radiation  should  be 
considered  separately. 

Typical  high  power  PTTS  carry  more  then  ten  emissions: 
FM  in  OIRT  and  CCIR  bands  (from  3  -r  10  emissions), 
television  in  VHF  (usually  one  emission)  and  UHF  (from  1  to  6 
emissions).  Additionally  Base  Stations  of  Paging,  Trunking  and 
Cellular  systems  are  in  operations  on  PTTS.  All  this  emission 
has  to  be  taken  into  account  in  resultant  radiation  calculation 
[5]-  Such  a  situation  in  which  more  than  10  emissions  are 
radiated  from  one  antenna  tower  is  not  typical  in  other  countries. 
If  we  add  very  restricted  regulation  of  environmental  protection 
for  radiation  limits,  situation  in  Poland  is  unusual. 

Resultant  radiation  around  each  PTTS  is  calculated  and 
measured.  Calculations  are  performed  in  the  TP  S.A.  Research 
&  Development  Division,  and  they  are  important  specially 
before  any  new  investment  process.  After  antenna  system 
construction  any  modification  in  emission  parameters  (in  most 


case’s  modification  of  the  antenna  systems  radiation  patterns)  is 
very  difficult  or  impossible.  If  the  problem  with  to  big  radiation 
on  existing  PTTS  appears,  such  a  consideration  is  very  useful 
too. 

Measurements  are  very  important  in  order  to  verily 
calculation,  and  according  to  Polish  regulations  are  done  in  all 
cases  by  independent  to  TP  S.A.  authorities. 

2.  RADIATION  AROUND  TYPICAL  PTTS 


On  figure  1  example  of  resultant  field  strength  (and  each 
of  its  radiation  components)  around  one  of  the  PTTS  is  shown 
for  the  frequency  range  10  +  300  MHz  (originally  each 
component  is  drawn  in  different  colour).  Field  strength  was 
calculated  on  2  m  above  terrain  level,  in  the  distance  from  10  m 
to  1400  m  from  the  antenna  tower,  on  the  one  azimuth  direction. 

We  can  see  that  FM  emissions  have  highest  influence  on 
the  resultant  field  strength.  Emissions  from  the  mobile  systems 
have  comparatively  low  level  and  can  be  neglected.  In  the 
distances  about  100  m  from  the  antenna  tower  level  2  V/m  is 
exceeded. 

On  figure  2  example  of  resultant  power  flux  density, 
around  one  of  the  PTTS  is  shown  for  the  frequency  range  300 
MHz  300  GHz.  Power  flux  density  was  calculated  on  2  m 
above  terrain  level,  in  the  distance  from  10  m  to  1400  m  from 
the  antenna  tower,  on  the  one  azimuth  direction. 

We  can  see  that  TV  UHF  emissions  have  highest  influence 
on  the  resultant  power  flux  density,  but  in  all  range  of  distances’ 
exposure  limits  are  not  exceeded.  The  ranges  of  distances  in 
which  radiation  level  is  relatively  high  are  very  short  (in 
oppositions  to  FM  emissions  shown  on  fig  1).  Maximum  of  each 
emission  is  placed  in  different  distance  from  the  antenna  tower, 
that  is  additionally  very  profitable  from  the  environmental 
protection  point  of  view.  Emissions  from  the  mobile  systems 
can  be  neglected  as  in  lower  frequency  range. 

Diagrams  shown  on  figures  1  and  2  are  very  useful.  They 
allow  to  consider  which  component  of  radiation  brings  highest 
influence  on  the  resultant  radiation.  In  case  in  which  radiation  is 
higher  than  limit  for  public  exposure,  diagrams  show  which 
antenna  system  should  be  modified  to  meet  the  regulations.  For 
example  in  fig.  1  it  is  obvious  that  FM  CCIR  antenna  system 
should  be  modified.  Computer  simulation  of  many  modifications 
of  the  antenna  system  (its  vertical  radiation  pattern)  is  possible 
and  allows  to  find  the  best  solution. 

Results  of  calculations  were  compared  with  results  of  the 
measurements  done  by  independent  to  TP  S.A.  authorities. 
Compliance  results  of  calculations  and  measurements  are  better 
then  good. 
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3.  COMPARISON  FOR  CONSIDERED  PTTS 


During  last  five  years  detailed  calculations  were  done  for 
more  then  25  PTTS.  In  this  number  are  high  and  low  powers 
transmitting  stations.  Because  of  complexity  of  the 
electromagnetic  field  that  has  to  be  considered,  with  many 
radiation's  on  many  different  frequencies,  radiated  from  many 
different  antenna  systems,  each  case  had  to  be  considered 
separately. 

It  is  interesting  that  highest  level  of  radiation’s  not  always 
appear  around  high  power  PTTS.  High  power  antennas  have 
high  gain  and  bigger  part  of  the  energy  is  radiated  above  terrain 
around  antenna  tower  to  the  horizon.  Low  power  PTTS  has 
mainly  low  gain  antenna  systems  and  comparatively  big  part  of 
energy  is  radiated  in  the  area  near  antenna  tower. 


All  considered  cases  can  be  divided  into  three  categories 
dependent  of  resultant  radiation  level: 

•  it  is  lower  then  limits  in  national  regulations 

•  it  is  higher  then  limits,  but  only  in  the  area  with  no  residents 

•  it  is  higher  then  limits  in  area  with  residents. 

Last  cases  are  required  changes  of  emission  parameters. 

Comparison  of  the  results  from  analysis  done  until  now, 
gives  very  interesting  information  about  exposure  of  general 
public  around  PTTS.  In  the  table  1  and  2  results  of 
considerations  are  put  together  for  both  frequency  ranges. 

Results  contained  in  the  tables  1  and  2  show  that  in  the 
frequency  range  10  300  MHz  problems  with  to  high  resultant 

radiation  level  is  much  grater.  In  this  range  many  emissions 
have  big  and  similar  influence  on  the  resultant  field  strength, 
(see  fig.  1).  Configurations  of  the  antenna  systems  on  six  PTTS 
were  modify  only  for  the  reason  to  meet  national  regulations  on 
health  hazards.  One  antenna  system  was  replaced  by  new  one. 
Two  other  cases  are  still  under  considerations. 
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Table  1.  Frequency  range  10  300  MHz 


1  Number  of  PTTS  | 

Radiation  lower 

Radiation  exceed 

Radiation  exceed 

than  national  limit 

limit,  but  in  area 

limit  in  area  with 

with  no  residents 

residents 

7 

11 

2** 

6* 

*  -  after  modification  of  the  antenna  systems  according  to  TP  S.A. 


R  &  D  projects 

**  -  antenna  systems  under  modification 


Table  2.  Frequency  range  300  MHz  +  300  GHz 


Number  of  PTTS  I 

Radiation  lower 

Radiation  exceed 

Radiation  exceed 

than  national  limit 

limit,  but  in  area 

limit  in  area  with 

with  no  residents 

residents 

22 

4 

- 

2* 

*  -  after  modification  of  the  antenna  systems  according  to  TP  S.A. 


R  &  D  project 

Changes  in  feeding  arrangements  of  the  antenna  system  in 
many  cases  are  sufficient  modifications  of  antenna  system 
configuration.  In  this  way  vertical  radiation  pattern  is  modify. 
In  more  complex  cases,  new  bays  are  added  to  existing  antenna 
systems  in  purpose  to  increase  antenna  gain  and  to  radiate  more 
energy  above  area  around  antenna  tower.  In  such  a  case 
additionally  transmitter  power  is  decreased  with  no  changes 
with  ERP,  so  effect  of  changes  is  doubled,  but  such  a  solution 
is  expensive  and  needs  free  space  on  the  tower. 

Much  better  situations  is  in  the  300  MHz  +■  300  GHz 
frequency  range.  It  is  mainly  because  in  this  range  only  UHF 
television  emissions  have  substantial  influence  on  resultant 
power  flux  density  (see  fig.  2).  In  this  range  only  two  antenna 
systems  needed  modifications,  one  of  them  during  earlier 
planned  replacement  (after  25  years  of  operations). 

Program  is  not  finished  yet  and  new  results  are  coming  all 
the  time.  New  calculations  are  needed  also,  because  licences  for 
new  additional  emissions  are  still  issued. 

Measurements  around  PTTS  were  done  by  the 
independent  to  Polish  Telecom  authorities.  Results  of 
measurements  and  calculations  are  very  close  to  each  other,  so 
implemented  methodology  of  calculation  is  good. 

After  so  many  examples  of  problems  with  health  hazards 
around  transmitting  stations,  TP  S.A.  now  consider  each  new 
investment  very  carefully  from  health  hazards  point  of  view. 
Calculations  of  resultant  radiation  level  in  area  around  antenna 
systems  are  carried  for  each  new  planned  antenna  system  before 
technical  specification  for  tender  is  prepared.  During  tender 
procedure  level  of  antenna  system  radiation  in  the  area  near  the 
antenna  tower  is  one  of  the  most  important  factors. 

From  the  other  hand  problems  with  health  hazards  around 
transmitting  stations  in  Poland  are  so  big  because  of  very  strong 
limits  of  radiation.  If  the  national  regulations  in  Poland  are 
closer  to  INIRC  guideline  [1]  or  European  proposals  [2], 
problem  will  be  not  so  important. 


4.  CONCLUSIONS 


Polish  Telecom  has  many  (high  and  low  power)  transmitting 
stations.  In  Research  and  Development  Division  of  Polish 


Telecom  the  radiation  levels  in  area  around  antenna  towers  are 
calculated.  Comparison  with  measurements  done  by  independent 
authorities  proofs  that  calculation  methodology  is  proper. 

Results  obtained  for  area  around  many  PTTS  shows,  that  in 
many  cases’  antenna  systems  need  modifications,  because 
radiation  levels  are  exceeded  limits  in  national,  very  restricted 
regulations.  Such  modifications  were  done  successfully  in  all 
considered  until  now  cases.  Results  are  good  because  calculation 
methodology  makes  possibility  to  find  which  emission  is  mostly 
responsible  for  exceeding  the  allowed  level  of  radiation. 

Problems  are  bigger  in  10  300  MHz  frequency  range, 

because  of  much  more  broadcast  emission  in  this  band.  Emissions 
from  the  mobile  systems  base  stations  are  comparatively  very  low 
and  can  be  neglected. 

New  emissions  are  still  issued  in  Poland  and  in  many  cases 
optimal  localisation  of  them  is  on  existing  PTTS.  For  many  PTTS 
strong  national  limits  of  radiation  made  it  expensive  (antenna 
systems  modification  or  even  replacement)  or  even  impossible. 
Change  of  the  exposure  limits  (to  made  them  close  to  suggested 
in  INIRC  guidelines)  is  reasonable,  because  in  the  literature  we 
have  no  justification  for  such  restrictive  regulations. 
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Experimental  results  of  the  non-heating 
millimetre  wave  influence  at  cow  embryos'  transplan¬ 
tation  are  describe.  Results  of  the  cow’s  treatment 
mastitis  are  describe  also.  The  author’s  hypothesis 
about  parametric  millimetre  wave  influence  is 
discussing. 

Nowadays,  many  proprieties  of  millimetre 
wave  including  its  vital  influence  on  the  living  beings 
have  been  invent.  This  vital  influence  on  the  living 
beings  is  also  mention.  The  energy  of  quantum  of  wave 
band  is  being  compared  with  the  energy  gaps  of  cell 
spectral  characteristic.  At  influence  of  the  non-heating 
millimetre  wave  number  of  settle  down  cow’s  embryos 
is  71.43  per  cent.  Using  this  method  for  4  days  we  have 
gotten  milk  of  quality  according  to  standard.  The 
author ’s  hypothesis  concerning  parametric  millimetre 
wave  influence  was  confirm. 

INTRODUCTION 

Still  in  the  18th  century  the  german 
physiologist  Virhov  discovered  that  the  illnesses  of  all 
organs  begin  with  the  illness  of  the  cells.  The 
mammal’s  organism  consists  of  more  than  1014...  1015 
cells.  Brain  cannot  operate  efficiently  such  great 
number  of  cells.  This  feet  proposed  an  idea  that  the  cell 
brings  itself  into  the  healthy  state.  Inspire  of  the  feet 
that  the  way  to  the  treatment  is  in  the  cell  itself; 
effective  of  the  treatment  has  the  sense  when  the  cell  is 
capable  of  its  functions'  renewal. 

The  professor  of  the  Liverpool  University 
FrOhlich  supposed  that  the  ill  cell  radiates  accost- 
electric  vibrations  in  the  wide  frequency  spectrum 
including  millimetre  wave.  The  first  experiments  were 
make  with  the  yeast  culture.  Yeastes  were  radiate  with 
the  electromagnetic  waves  (EMW)  of  42  GHz 
freelance.  It  was  founding  out  that  the  speed  of  the 
cell’s  division  increased.  When  the  cell  is  ill, 


electromagnetic  vibrations  appeared  in  the  surface  of 
the  membrane.  Interaction  of  the  millimetre  outside 
oscillation  with  the  membrane  surface  process  resulted 
in  spatial  extraction  of  the  albumen  structures  from  the 
cell’s  depth.  This  process  returns  cell  to  its  natural 
statement. 

During  the  evaluation,  development  of  the 
animate  nature,  nature  used  electromagnetic  vibrations 
for  the  information  exchange  on  the  cell’s  level.  The 
electromagnetic  vibrations  of  the  millimetre  diapason 
are  maximum  reduced  in  passing  through  the  Earth’s 
troposphere.  On  the  surface  of  the  body  the  millimetres 
waves  reduce  10  12  times  (120dB).  The  experiments  of 
the  millimetre  oscillation  influence  were  make  on  the 
mice  and  rats.  The  mice  and  rats  were  process  with  the 
non-heating  dozes  of  millimetres  waves  and  they 
survived  after  they  had  been  expose  to  the  X-rays.  The 
application  of  the  microwaves'  oscillations  gives 
positive  results  in  the  treatment  of  such  man’s  illnesses 
as  stomach  and  duodenum  ulcer,  immune  system 
illness,  anaemia,  stenocardia,  some  other  illnesses. 
Thus,  the  using  only  non-heating  dozes  of  millimetres 
waves  is  not  always  effective  for  the  treatment.  That  is 
why  complex  influence  of  the  low  frequency  (LF),  of 
the  extremely  high  frequencies  (EHF)  for  both 
millimetre  wave  and  infrared  frequency  (IF) 
oscillations'  ware  proposed. 

Mentioned  influence  is  very  effective.  The 
cell’s  energy  balance,  except  energy  transformation 
from  one  state  to  another,  contains  also  small  part  or 
the  losses  and  energy  spent  for  the  radiation.  The  part 
of  the  radiation  energy  increases  if  the  cell  is  ill.  In  the 
literature  there  is  some  information  about  complex 
influence  of  the  EMW  radiation,  in  particular  complex 
using  of  the  IF,  EHF  and  LF  oscillations.  The  joint 
using  of  IF,  EHF  and  LF  oscillations  as  the  biological 
influence  is  very  effective  method  in  the  treatment  of 
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many  illnesses  and  growing  of  the  high-productive 
strains  of  cattle. 

1 .  WORKING  OUT  OF  THE  HYPOTHESIS 

CONCERNING 

INFLUENCE  OF  THE  EMW  THERAPY 

The  scientific  and  practical  research  in  the 
sphere  of  the  EMW  therapy  began  with  the  treatment  of 
the  cow’s  mastitis.  The  problem  concerning  mentioned 
illness  is  still  actual  and  difficult.  In  spire  of  the 
constant  improvement  of  the  milking  equipment  and 
working  out  of  the  new  methods  of  prevention, 
diagnostics  and  therapy,  this  illness  is  consider  to  be 
one  of  the  most  spread. 

The  most  spread  form  of  the  mastitis  is 
mastitis  without  showed  symptoms  or  closed  form. 
According  to  the  International  milking  federation,  only 
3  per  cent  of  ill  cows  has  shown  symptoms  and  52.0  per 
cent  of  ill  cows  does  not  have  any  symptoms  of 
mastitis. 

The  milk  gland  processing  was  make  in  the 
morning  and  in  the  evening  for  3  days.  The  sample  of 
milk  was  take  before  and  artier  processing.  Received 
results  were  process  with  the  help  of  the  statistic  and 
correlation  analysis.  The  cows  are  continue  to  be 
observe  and  clinic  examination  and  milk  analyses  are 
take  place. 

During  the  microbiological  examination  of 
the  cow’s  milk  gland  was  found  out  that  17-38  per 
cent  of  all  the  micro-organisms  is  of  spherical  form,  3- 
42  per  cent  —  staphylococcus,  58. ..80  per  cent  —  milk- 
lactic  micro-organisms.  At  the  examination  of  the 
cow’s  without  shown  symptoms  putrefactive  microflora 
was  founding  also. 

After  the  first  processing  the  composition  of 
the  gram-negative  forms  of  the  micro-organisms 
decreased.  The  concentration  of  the  micro-organisms 
was  decreasing  constantly  and  on  the  3rd  day  the  single 
gram-positive  forms  of  the  micro-organisms  appeared. 

That  means,  that  after  processing  of  the  cow’s 
milk  gland  with  our  devices  positively  influenced  on 
the  microbiological  composition  of  the  milk  gland  and 
promotes  its  recovery.  On  the  4th  day  it  is  possible  to 
receive  milk  of  good  quality. 

2.  WORKING  OUT  THE  WAYS  OF  THE 

QUALITY  AND 

VIABILITY  IMPROVEMENT  OF  THE 
CATTLE’S  EMBRYOS 

One  of  the  modem  achievements  in  the  field  of 
biology  that  attracting  scientists  of  the  world  is 
embryoengeneering.  Embry oen geneer ing  is  the  active 
recombination  of  the  cattle’s  genom  at  early  stages  of 
the  ontogenesis.  This  method  includes  embryo’s 


reconstruction  by  the  merging  or  direct  injection  of  the 
strange  genes  to  their  nucleus. 

An  important  role  of  the  embryo’s 
transplantation  in  the  cattle-breeding  belongs  to  the 
opportunity  of  receiving  the  great  number  of  the 
progeny  from  females  of  high  genetic  potential.  The 
hormone  donors  processing  —  the  condition  of  the 
superovulation —  has  made  possible  receiving  dozens 
of  the  calves  from  the  one  female  a  year.  The  embryo’s 
transplantation  method  is  very  important  because  of  the 
following  genetic  programs  realisation: 

-  rapid  receiving  of  the  valuable  families; 

-  rapid  receiving  of  the  lines  and  types  in  the  usual 
herds; 

-  spreading  of  the  mutant  genes  in  the  strains  of  cattle 
(illness  resistance,  for  instance); 

-  extracting  of  the  “bad”  genes  out  of  the  herds. 

2.1.  The  ways  of  raising  of  the  viability  and  getting 
accustomed  to  the  receptor’s  organisms 

The  most  difficult  problem  in  the  sphere  of  the 
embryo’s  transplantation  is  receiving  the  great  number 
of  the  embryos  from  the  genetically  valuable  cows- 
donors.  Cultivation  and  fecundating  of  the  oocytes  in 
vitro  and  further  receiving  of  the  cow-donor  embryos 
are  possible  method  of  solving  this  problem 

Three  series  of  the  experiments'  ware  put.  All 
embryos  were  divide  into  two  groups.  First  group  are 
contain  of  the  embryos  of  an  excellent  and  good 
quality.  Second  group  was  satisfactory  quality.  Each 
group  was  divide  into  two  sub-groups.  First  subgroup 
was  process  by  the  EMW  for  2  minutes  (1st  series), 
than  5  minutes  (2nd  series)  (Fig.  1)  and  10  minutes 
(Fig.2).  Second  subgroup  was  not  process  by  EMW. 
Criterion  of  the  effectiveness  of  the  EMW  influence 
was  embryos'  estimations  that  included  morphological 
indices  and  being  accustomed  to  the  receptor’s 
organism.  The  estimations  were  compare  with  the 
estimations  of  the  resembling  parallel  groups  without 
EMW  influence(cantrol). 


Fig.  1. 
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influence  of  the  EMW  on  biosystems  what  means  that 
regeneration  processes  take  place  in  the  cells. 
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Fig.  2. 


Indices  that  efficiency  of  the  embryo’s  transplantation 
after  10  minutes  EMW  influence  is  excellent. 


Groups 

Embryo 

s 

quantity 

Embryo 
s  quality 

Receptors 

quantity 

Cow  with 
calf  in  3 
months 
quantity  / 
per  cent 

experi 

ment 

14 

excellen 
t  and 
good 

14 

10/ 

71.42% 

control 

12 

excellen 
t  and 
good 

12 

8  /  66.6% 

experi 

ment 

9 

satisfac¬ 

tory 

9 

4  /  44.4% 

control 

10 

satisfac¬ 

tory 

9 

3  /  33.3% 

We  found  out  the  tendency  of  rising  embryos' 
viability  and  being  accustomed  after  using  EMW.  The 
effectiveness  depends  on  embryo’s  quality.  This  feet 
assures  us  to  continue  research  work  in  this  direction. 

SUMMARY 

The  methods  of  the  complex  influence  of  the 
electromagnetic  fields  for  embryos  cultivating,  their 
quality  improvement  was  work  elaborate.  The  device 
appreciated  in  practise  for  cows  with  high  indices' 
reproduction  was  elaborate.  This  device  uses  non¬ 
heating  millimeter  wave.  The  index  of  fecundating 
artier  which  46.2  per  cent  of  the  oocytes  could  be 
transplant  is  reach.  Influence  of  the  EMW  on  the 
embryos  increased  their  being  accustomed  to  the 
receptor’s  organism.  Index  of  embryos  being 
accustomed  of  71.42  per  cent  was  receive.  Our 
experiments  confirmed  our  hypothesis  about  parametric 
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In  this  paper  the  results  of  experimental  investiga¬ 
tion  of  biological  effects  of  alternating  magnetic 
field  on  the  seeds  of  wheat  and  triticale  are  pre¬ 
sented.  Stimulating  effect  of  seeds  irradiation  in 
laboratory  condition  and  field  experiment  is  shown. 


1.  INTRODUCTION. 

Both  the  increasing  competition  on  the  seed 
market  and  the  increase  of  demands  of  the  seeds 
customers  create  necessity  of  continual  improve¬ 
ment  of  seeds  quality.  This  implicates  the  research 
on  new  ways  of  improving  of  the  quality  of  sowing 
material.  On  the  other  hand  seed  collections  are 
looking  for  the  way  of  prolongation  of  the  vivacity 
of  kept  seeds  to  avoid  the  necessity  of  frequent 
sowing.  A  lot  of  different  methods  of  improvement 
the  quality  of  sowing  material  after  harvest  were 
worked  out  (for  example  washing,  conditioning) 
[1],  One  of  the  factors  was  a  magnetic  field.  Mag¬ 
netic  field  was  used  in  general  for  improvement  of 
cereal  seeds  quality  but  also  for  seeds  of  oil  plants 
or  potatoes  [  2,3,4,].  The  effect  of  magnetic  field 
was  generally  profitable  but  in  some  cases  it  was 
no  effect  at  all  and  even  a  decrease  of  the  yield 
[5].  Therefore  it  seems  to  be  necessary  to  do  the 
further  research  on  the  influence  of  the  magnetic 
field  on  the  quality  of  agricultural  plants  seeds.  It 
concerns  in  particular  seeds  with  low  quality  pa¬ 
rameters  (for  example  old  seeds). 

2.  MATERIALS  AND  METHODS. 

Commercial  seeds  of  spring  wheat  cultivar 
Sigma  and  spring  triticale  cultivar  Jago  were  used 
for  experiment.  Seeds  were  harvested  in  1991  and 
1994  year.  Air-dry  seeds  were  treated  with  alterna¬ 
tive  magnetic  field  of  low  frequency  (16  Hz  or  50 
Hz)  during  2  hours.  Magnetic  flux  density  was  5 
mT.  Magnetic  field  generator  was  constructed  by 
Technical  University  in  Wroctaw.  Generator  pro¬ 


duces  a  homogenous  magnetic  field  of  frequency 
16  Hz  or  50  Hz  and  strictly  determined  magnetic 
flux  density.  The  construction  of  this  generator 
allows  to  eliminate  electric  component  of  field  and 
enables  treatment  of  seeds  only  with  alternative 
magnetic  field.  Seeds  previously  treated  with 
magnetic  field  were  examined  with  following  labo¬ 
ratory  tests: 

■  laboratory  germination  test  according  to  Polish 
Standard  PN  79/R-65950, 

■  indication  of  mean  time  of  germination  of  single 
kernel  (Pieper' s  coefficient), 

■  indication  of  length  of  epicotyl  and  hypocotyl  of 
seedlings  grown  from  treated  seeds  at  optimal 
temperature  (20°C)  and  optimal  quantity  of 
water  in  germination  substrate  in  roll  test. 

Tests  started  19  days  after  seeds  treatment 

with  alternative  magnetic  field. 

Kernels  of  the  same  species,  cultivars  and 
years  of  harvest  not  treated  with  alternative  mag¬ 
netic  field  were  used  as  the  control.  Kernels  of 
examined  species  and  cultivars  19  day  after  irra¬ 
diation  with  alternative  magnetic  field  were  sown  in 
the  experimental  field  of  Department  of  Plant 
Breeding  and  Seeds  Science  in  Zelazna  (nearby 
Skierniewice)  in  the  spring  of  1995  year  in  plot 
experiment.  There  were  sown  100  kernels  for  each 
plot  in  3  replications. 

During  vegetation  season  following  charac¬ 
teristics  were  examined: 

■  rate  of  emergence, 

■  mean  time  of  emergence  of  single  kernel 
(Pieper' s  coefficient), 

■  time  of  individual  phase  of  development  of 
plant  (for  example  tillering  and  heading), 

■  biometrical  characteristics  of  plant  during 
vegetation  such  as  length  of  plants,  number  of 
culms  and  length  of  ears, 

■  characteristics  measured  after  harvest  impor¬ 
tant  for  crop  such  as  number  of  productive 
ears,  number  of  kernels  per  plant,  weight  of 
kernels  per  plant,  thousand  kernel  weight. 
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After  harvest  characteristics  measured  earlier 
biometrically  during  vegetation  were  examined  for 
the  plants. 

Plants  were  harvested  and  threshed  by  hands. 
Plants  of  the  same  species,  cultivars  gown  from 
the  kernels  of  the  same  year  of  harvest  not  treated 
with  alternative  magnetic  field,  grown  in  the  same 
field  were  used  as  a  control. 

The  time  between  irradiation  with  magnetic 
field  and  experiments  -  19  days-  was  chosen  on 


the  base  of  literature  date  concluding  the  fact  that 
optimal  influence  of  magnetic  field  for  kernel  ap¬ 
pears  from  ten  to  twenty  days  after  irradiation  the 
same  as  in  preliminary  self-experiments. 

The  results  were  elaborated  statistically 
with  using  the  ANOVA  1  program.  The  lowest  sig¬ 
nificant  differences  (LSD)  were  calculated  with 
Student' s  test  at  the  significance  level  p.=  0,01 
for  laboratory  experiments  and  the  significance 
level  p.=  0,05  for  field  experiments. 


3.  RESULTS  AND  DISCUSSION. 


Table  1 


Seeds  germination  and  seedlings  growth  of  spring  wheat  Sigma  and  spring  triticale  Jago  after  treatment  of 


seeds  with  alternating  magnetic  fields  (19  days  after  treatment) 


Year  of  seed  har¬ 
vest  and  treatment 
conditions 

Laboratory  germina¬ 
tion  capacity  (%) 

Pieper' s  coeffi¬ 
cient  (days) 

Length  of  epicotyl 
(cm). 

Length  of  hypo¬ 
cotyl  (cm). 

fclMM 

96.33 

97.33 

2.31 

14.16 

9.99 

16Hz 

97.33 

97.33 

2.06* 

15.50* 

12.08* 

50Hz 

99.00 

99.00 

2.13* 

15.58* 

11.89* 

LSD 

5.01 

2.68 

0.16 

1.19 

1.03 

92.00 

94.00 

2.25 

13.20 

11.05 

16Hz 

95.33 

96.67 

2.17 

12.53 

12.68 

50Hz 

95.67 

96.33 

2.16 

13.19 

11.67 

LSD 

8.13 

6.64 

0.21 

0.78 

2.34 

humimi 

93.33 

94.44 

2.26 

14.60 

23.95 

16Hz 

100.00* 

100.00* 

1.71* 

17.26* 

29.89* 

50Hz 

100.00* 

100.00* 

1.91* 

18.79* 

33.39* 

LSD 

4.36 

2.96 

0.30 

1.95 

2.09 

■EH 

100.00 

2.10 

15.76 

26.82 

16Hz 

■ESEil 

97.10 

2.19 

18.35* 

37.41* 

50Hz 

100.00 

100.00 

1.77* 

19.06* 

34.66* 

LSD 

5.07 

4.22 

0.39 

0.69 

1.61 

*-  statistically  significant  differences 
LSD-  lowest  significant  differences 


Table  1  presents  the  results  of  laboratory  tests 
of  spring  wheat  cultivar  Sigma  and  spring  triticale 
cultivar  Jago.  As  you  can  see  from  these  results 
alternative  magnetic  field  did  not  influence  germi¬ 
nation  capacity  of  wheat  fresh  kernels  (harvested 
in  1994  year)  as  well  as  old  kernels  (harvested  in 
1991  year).  Magnetic  field  on  the  other  hand 
shorted  the  mean  time  of  germination  of  single 
kernel  of  old  seeds  and  lengthened  epicotyl  and 
hypocotyl  of  seedlings  grown  out  from  them.  There 
was  influence  on  these  characteristics  of  fresh 
kernels.  Old  kernels  (  harvested  in  year  1991)  of 


spring  triticale  cultivar  Jago  irradiated  with  alterna¬ 
tive  magnetic  field  germinated  better  in  compari¬ 
son  to  the  control.  Germination  capacity  of  fresh 
kernels  did  not  differ  significantly  from  the  control. 
In  both  fresh  and  old  seeds  the  treatment  with 
magnetic  fields  shortened  of  the  time  of  germina¬ 
tion  of  single  kernel  and  lengthen  of  epicotyl  and 
hypocotyl  of  seedlings  grown  out  of  them.  Kernels 
examined  1  day  after  irradiation  with  alternative 
magnetic  field  did  not  differ  from  the  control  in  all 
described  characteristics.  It  concerned  fresh  seeds 
as  well  as  old  seeds  both  of  examined  species. 
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Table  2. 

Rate  of  emergence  and  development  of  plants  of  spring  wheat  Sigma  and  spring  triticale  Jago  grown  from 
seeds  sown  19  days  after  irradiation. 


Year  of 
seeds  har¬ 
vest  and 
treatment 
conditions 


Sigma  1991 
control 


16Hz 


50Hz 


LSD 


Sigma  1994 
control 


16Hz 


50Hz 


LSD 


Jago  1991 
control 


16Hz 


50Hz 


LSD 


Jago  1994 
control 


16Hz 


50Hz 


LSD 


Rate  of  emergence  ( %  ) 

7  days+ 

14  days+ 

20  days+ 

47.33 

51.83 

53.17 

75.11* 

80.44* 

82.00* 

73.87* 

78.00* 

79.78* 

6.72 

5.02 

6.83 

67.67 

69.00 

69.50 

74.00 

79.11 

81.56 

70.22 

74.22 

77.56 

17.09 

17.26 

18.19 

15.33 

16.17 

18.00 

25.33* 

30.89* 

34.44* 

25.55* 

31.33* 

33.34* 

6.88 

5.24 

5.92 

52.17 

56.17 

59.33 

63.11* 

72.67* 

76.22* 

67.56* 

73.11* 

79.78* 

8.37 

5.62 

6.82 

Pieper' s  Tillering  (%) 

coefficient 

(days) 


Heading  (%) 


+-  days  after  sowing 

*-  statistically  significant  differences 

LSD-  lowest  significant  differences 


Table  2  shows  the  results  of  examination  of 
field  emergence  and  on  the  bases  of  tillering  and 
heading  plants  development  phases  of  spring 
wheat  cultivar  Sigma  and  spring  triticale  cultivar 
Jago  grown  out  of  seeds  sown  19  days  after  irra¬ 
diation  with  alternative  magnetic  field.  It  is  visible 
the  increase  of  the  emergence  in  comparison  from 
the  control  is  significant.  In  the  case  of  spring 
wheat  statistically  significant  increase  concerned 
only  old  kernels.  In  the  case  of  spring  triticale  this 
concerned  both  old  and  fresh  kernels.  The  in¬ 
crease  of  emergence  of  old  kernels  was  more  than 
50%  for  both  examined  species.  Date  of  the  time 
of  tillering  and  heading  indicated  that  plants  ob¬ 
tained  from  seeds  treated  with  alternative  mag¬ 
netic  fields  developed  faster  than  plants  grow  out 
of  non  treated  seeds.  Likewise  as  in  the  case  of 
emergence  this  effect  is  clearer  for  the  plants 
grown  out  of  old  seeds  although  for  heading  con¬ 
cerned  also  plants  grown  out  of  fresh  seeds. 


Weather  condition  during  vegetation  season  of 
1995  year  (when  plot  experiments  were  made) 
were  not  suitable  for  crop  vegetation.  There  was  a 
spring  drought:  significant  deficit  of  water  in  the 
soil  during  emergence  and  long  periods  of  time  (in 
the  area  of  experimental  field  in  2elazna  several 
weeks)  without  rains  together  with  high  air  tem¬ 
perature  during  the  summer  [6],  Increase  of  emer¬ 
gence  and  acceleration  of  entering  following  de¬ 
velopment  phases  of  plants  growing  in  unfavor¬ 
able  for  them  weather  conditions  is  the  best  evi¬ 
dence  of  profitable  influence  of  alternative  mag¬ 
netic  field  on  seed  kernels  and  plants  obtained 
from  them.  Not  shortened  mean  time  of  emer¬ 
gence  of  single  kernel  (Pieper'  s  coefficient)  ob¬ 
served  in  this  experiment  instead  of  increase  of 
total  emergence  could  also  be  a  result  of  the 
wrong  weather  condition  (soil  dryness)  prolongat¬ 
ing  the  emergence  of  examined  seeds. 
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Table  3. 

Crop  characteristics  of  spring  wheat  Sigma  and  spring  triticale  Jago  grown  from  seeds  sown  19  days  after 
irradiation. 


Year  of  seed 
harvest  and 
treatment 
conditions 

Length  of 
plants  (cm) 

Number  of 
productive 
culms  per 
plant 

Length  of 
ears  (cm) 

Number  of 
kernels  per 
plant 

Weight  of 
kernels  per 
plant  (g) 

Weight  of 
1000  kernels 
(9) 

Sigma  1991 
control 

88.17 

2.23 

9.30 

54.00 

1.63 

28.19 

16Hz 

89.97 

2.67 

9.60 

64.67 

2.28 

34.98* 

50Hz 

84.43 

2.20 

9.47 

56.47 

2.01 

35.12* 

LSD 

3.85 

0.61 

0.48 

23.82 

0.84 

5.27 

Sigma  1994 
control 

80.23 

2.20 

8.77 

29.97 

1.01 

34.58 

16Hz 

83.93 

2.87* 

9.73* 

70.30* 

2.54* 

35.14 

50Hz 

81.90 

3.10* 

9.46* 

76.13* 

2.97* 

37.12 

LSD 

3.74 

0.70 

0.53 

22.15 

0.83 

4.57 

Jago  1991 
control 

115.50 

2.20 

9.97 

150.68 

4.93 

32.12 

16Hz 

110.00 

4.30* 

11.80* 

311.97* 

10.61* 

35.18 

50Hz 

110.80* 

4.30* 

11.40* 

321 .83* 

11.13* 

36.96 

LSD 

5.15 

0.82 

0.90 

63.77 

2.16 

6.97 

Jago  1994 
control 

122.80 

3.80 

11.13 

201.07 

7.31 

35.64 

16Hz 

116.60* 

4.67* 

11.50 

259.00* 

8.99 

36.96 

50Hz 

116.10* 

4.67* 

11.93 

263.90* 

8.51 

39.13 

LSD 

5.58 

0.87 

5.91 

58.03 

1.96 

4.60 

*-  statistically  significant  differences 
LSD-  lowest  significant  differences 


Table  3  presents  the  results  of  a  biometric 
measurements  of  examined  plants  made  during 
field  vegetation  and  selected  crop  characteristics 
of  these  plants  measured  after  harvest.  As  you 
can  see  magnetic  field  did  not  influence  signifi¬ 
cantly  on  examined  characteristics  of  plants 
growing  from  the  old  seeds.  In  the  case  of  plants 
grown  from  fresh  seeds  productive  tillering 
(number  of  culms  with  ear  containing  kernels), 
length  of  ears  ,  number  and  weight  of  kernels  per 
plant  increased.  This  indicates  clearly  an  increase 
of  the  yield  from  one  plant  and  also  from  the  field. 
In  the  case  of  triticale  plants  obtained  from  irradi¬ 
ated  seeds  were  shorter,  what  is  an  advantage  in 
modern  breeding  experiments  of  this  species.  Also 
an  increase  of  productive  tillering  and  number  of 
kernels  per  plant  was  visible.  In  the  case  of  plant 
growing  from  old  seeds  additionally  there  was  also 
observed  ear' s  prolongation  and  increase  of  ker¬ 
nels  weight  per  plant.  Similarly  to  wheat  it  is  con¬ 
nected  to  the  increase  of  yield.  The  values  of  pre¬ 
sented  characteristics  of  control  plants  did  not 
differ  from  mean  values  typical  for  examined  va¬ 
rieties  [7],  Both  frequencies  of  magnetic  field  seem 
to  have  the  same  influence  on  seeds  and  plants 
grown  from  them  although  some  results  may  sug¬ 
gest  more  profitable  influence  o  magnetic  field 
frequency  of  16  Hz.  Profitable  influence  of  alter¬ 
native  magnetic  field  is  more  clear  in  the  case  of 


seeds  of  lower  quality  (harvested  in  year  1991) 
than  seeds  of  high  quality.  Such  a  „restitutionar 
influence  of  magnetic  field  was  observed  earlier 
[8,9],  Probably  difficult  vegetational  conditions  in 
the  year  when  presented  experiments  were  led 
enabled  to  notice  profitable  influence  of  altematic 
magnetic  field  also  on  growth  and  yield  of  plants 
growing  from  fresh  seeds  of  high  quality.  For  the 
agricultural  practice  not  only  increase  of  field 
emergence  rate  is  a  factor  a  great  importance  out 
also  an  acceleration  of  plant  development  (quicker 
entering  early  development  phases)  which  remain 
more  time  for  forming  and  mature  of  kernels  and 
in  consequence  improves  the  yield.  It  also  can 
help  the  plants  to  avoid  disadvantageous  weather 
conditions  often  appearing  in  our  country  during 
the  second  half  of  summer.  Presented  results 
show  that  different  species  reveal  different  re¬ 
sponse  to  the  magnetic  field.  This  factor  influ¬ 
enced  much  more  features  in  triticale  than  in 
wheat.  That  is  probably  a  result  of  genetic  differ¬ 
ences  (causing  physiological  differences)  between 
both  of  these  species.  Differences  in  magnetic 
field  influence  for  different  genotypes  was  ob¬ 
served  previously  for  some  wheat  species  [10], 
Presented  results  concern  only  one  vegetation 
season  which  is  too  short  period  for  field  experi¬ 
ment  for  general  conclusions  and  need  to  be  con¬ 
tinued.  But  obtained  results  maintain  an  opinion 
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about  profitable  influence  of  alternating  magnetic 
field  on  the  seeds  of  cereals  and  plants  growing 
from  these  seeds.  This  profitable  influence  can  be 
seen  not  only  in  laboratory  but  what  is  more  im¬ 
portant  for  agricultural  practice  confirmed  also  in 
the  field. 
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The  absorption  characteristics  of  multilayered 
cylindrical  model  of  man  exposed  to  electromagnetic 
(EM)  plane  wave  with  oblique  incidence  has  been 
investigated.  In  literature  the  results  obtained  are  valid 
for  only  exposure  with  normal  incidence.  General  field 
expressions  induced  inside  a  multilayered  infinite  length 
lossy  cylinder  by  a  plane  wave  with  oblique  incidence 
have  been  derived  for  both  vertical  and  horizontal 
polarizations.  These  expressions  are  used  to 
investigate  the  effect  of  angle  of  incidence  of  the  EM 
wave  on  the  average  SAR  of  a  human  modelled  by  a 
finite  length  multilayered  lossy  cylinder  between  the 
frequency  range  10  MHz.  to  10  GHz.  The  fields 
induced  inside  the  finite  length  lossy  multilayered 
cylinder  are  approximated  by  those  of  the  infinite  length 
lossy  multilayered  cylinder  having  the  same  radial 
dimensions,  orientation  and  electrical  properties  for 
corresponding  layers.  The  effect  of  the  length  of  the 
model  on  the  average  SAR  is  also  investigated.  The 
average  SAR  versus  frequency  plots  for  a  plane  EM 
wave  with  normal  incidence  for  both  vertical  and 
horizontal  polarizations  are  compared  with  those  in 
literature  and  good  agreement  is  obtained. 

1.  INTRODUCTION 

The  absorption  characteristics  of  multilayered 
cylindrical  model  of  man  exposed  to  electromagnetic 
plane  (EM)  wave  has  been  investigated  in  literature 
using  a  variety  of  methods.  Such  a  multilayered  model 
has  been  taken  to  consideration  by  Massoudi  et  at.  [1]. 
In  their  study  effects  of  layering  on  average  SAR  is 
investigated  and  the  skin-fat-muscle  arrangement  for 
the  triple  layer  is  considered  for  changing  frequency  of 
range  10  MHz.  to  10  GHz.  The  results  are  compared 
with  those  of  the  homogenous  (single  layer)  cylindrical 
model.  The  effects  of  wet  and  dry  clothing  are  also 
taken  into  account  in  their  work.  But  the  angle  of 
incidence  for  the  EM  waves  in  their  work  and  others  is 
taken  to  be  at  right  angles  to  the  cylinder  axis  (normal 
incidence)  which  greatly  reduces  formulation  and 
computational  complexity.  In  their  work,  they  made  use 


of  the  field  expressions  obtained  in  [2],  In  this  paper  the 
EM  wave  is  considered  to  be  coming  with  oblique 
incidence  to  the  multilayered  finite  length  cylinder. 

A  brief  account  on  the  formulation  is  given.  General 
expressions  for  the  field  components  induced  inside  the 
layers  of  the  multilayered  cylinder  are  given  for  oblique 
incidence.  The  model  considered  here  is  of  finite  length 
and  the  fields  induced  inside  are  approximated  by  those 
of  the  infinite  length  multilayered  cylinder  having  the 
same  radial  dimensions,  orientation  and  electrical 
properties  for  corresponding  layers.  Such  an 
approximation  is  assumed  to  be  valid  under  the 
assumption  that  the  length  of  the  cylinder  is  comparable 
or  greater  than  the  wavelength  of  the  incident  wave. 
This  assumption  holds  for  the  frequencies  considered 
herein. 

Numerical  results  are  obtained  for  the  single,  triple 
and  five  layer  models  of  man  for  the  average  SAR 
versus  frequency  for  different  angles  of  incidence  of  the 
plane  EM  wave  and  the  effects  of  oblique  incidence  on 
average  SAR  is  observed.  The  results  obtained  for 
normal  incidence  are  compared  with  those  of  Massoudi 
et  at.  [1].  The  effect  of  length  on  the  average  SAR  has 
also  been  considered. 

2.  FORMULATION 

We  consider  a  planar  monochromatic  electro¬ 
magnetic  wave  to  be  oblique  incident  upon  a  dielectric 
multilayered  cylinder  of  length  f  of  M  layers  having 
permittivity  sm,  permeability  p0  ,  conductivity  am  and 
radius  pm  at  the  m’th  layer.  Furthermore 

Em  =  eoBrm  =  Eo(Erm  -  J8rm )  *  Erm  = 

“Eo 

and  co  is  the  radial  frequency. 

The  geometry  of  the  problem  is  shown  in  Fig.  (1). 
We  represent  the  total  field  outside  the  cylinder 
(incident  fields  plus  the  scattered  fields)  by 
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Ez  =  f]E™jnsin0iJn(Aop)cos(n(p)ekzZ 

n=0  0) 

+  SnH<12)(A0p)cos(ncp)ek*z 

Hz  =  Z  H lE j"  sin  6,  Jn(AoP)  cos  (n<p)ek*z 

n=o  (2) 

+  ZnH^,2)(A0p)  cos  (ncp)ekzZ 


Fig.  1.  A  plane  electromagnetic  wave  incident  with 
oblique  incidence  on  a  multilayered  cylinder 

for  TM  (electic  field  with  z  component)  and  TE  (electic 
field  with  no  z  component)  polarizations  respectively. 
In  Eqs.  (1)  and  (2)  k2=kocos0|  ,  Ao=kosin0j  and 

k0  =co.y/p0e0  is  the  free  space  wave  number  and 

E™  and  hJe  are  the  magnitudes  of  the  incident  TM 

and  TE  fields  respectively.  The  z  ,  <)>  and  p  components 
of  electric  field  induced  inside  the  m'th  layer  are 
expressed  respectively  by 

Ez,m  =  fl  ASinJn(AmP)+  B3inNn(Amp)lcos(ncp)ek^  (3) 

n=0  J 

.  oo  . 

E?  m  =  - ~t~  1 1  Amn  Jn(AmP) + B^lnNn(AfI1p)  I  n  cos  (ncp)ek*z 
AmP  n=0  J 

+  ,  m  Z  r^mn^n(AmP) +  PmnNn(AmP)l  P°s  (ncP)e  z 
Am  n=0L  J 

(4) 


Ep,m  _  v  Z  Z  [Amn^n(AmP)  +  BnlnNn(Arnp)]  COs(n<p)e  1 
n=0L  J 

+  Z  ^mn^n(AmP) +  Dmn^n(AmP) j  n  (n<P)e 


(5) 


where  Am  =  ko-Jpoerm-cos20j  and  q  e{v  ,  h}  and  v 

stands  for  vertical  (TM)  and  h  stands  for  horizontal  (TE) 
polarization.  The  primes  over  the  Bessel  and  the 
Neumann  functions  in  Eqs.  (4)  and  (5)  mean  derivative 
with  respect  to  the  argument.  The  constants  Sn  and 

Zn  is  Eqs.  (1)  and  (2)  and  the  constants  Af},n  ,  B^n , 

cmn .  Dmn  'n  Eqs.  (3).  (4)  and  (5)  can  be  obtained  by 
solving  for  each  layer  the  boundary  conditions  on  each 
layer  boundary  of  the  multilayered  cylinder  [3],  By  the 
aid  of  the  boundary  conditions  the  field  coefficients  can 
be  expressed  in  a  recursive  manner. 


and 
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(6  a) 


qe{h,v}  (6  b) 


The  matrix  multiplication  is  carried  on  from  left  to  right  in 
Eq.  (6  b).  The  elements  of  the  matrix  [pmn )  are  given 

in  [3]  where  X,,,  =  AmPm  and  =  Amf1pm .  The 

coefficients  A^n  and  Cqn  in  Eq.  (6  b)  are  determined  to 
be  [3] 


a  v  _  aTM  _  j _ it/  pTM  «h  _  aTE  _  j _ xi/  tjTE 

A1n~A1n  _  A  T11bo  ■  Ain“Ain  “~^12Ho 


A 

:-n 


h  _  rTE  _  i 


C1n=C™=IA-Viy2lEjM  ,  C”n=C. 


with 


:-n 


In 


(8) 


M  = 


Y  33  ”  JY 43  _Yl3+JY23 

-Y31+JY41  Y11-JY21 


A  =  (Yl1  -jY2lXY33-jY43)-(Yl3  -JY23XY3I  -JY41) 


M 

bhUM 

k=1 


With  A^n  and  C?n  determined  the  rest  of  the  remaining 
coefficients  for  each  layer  can  be  obtained  by  Eq.  (6  b). 
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The  specific  absorbtion  rate  (SAR)  of  the  cylinder 
for  both  polarizations  is 


where 


SAR  =  £  a'm 

m=1  vm 

(W/m3) 

(8) 

r  l~  I2 

^a,m  =  Jcm|Em|  ^Vm 

(9) 

is  the  power  absorbed  by  the  m'th  cylinder  layer  of 
volume  vm  of  the  m’th  layer.  Thus  the  total  average 

SAR  is  the  sum  of  average  SARs  of  each  individual 
layer.  The  explicit  form  of  Eq.  (9)  can  be  expressed  as 


^a.m  ~ 


oo  Pm 


2n[JT  j  |Ez,mn  (p)j  +  |E4>,mn(p)j  +  |EP,mn(p)| 


n=0, 


Pm-l 


pdp 

(10) 


3.  SIMULATION  RESULTS 

Curves  of  average  SAR  versus  frequency  are 
plotted  for  single,  triple  and  five  layer  models  of  man 
exposed  to  plane  electromagnetic  wave  with  oblique 
incidence  for  both  vertical  and  horizontal  polarizations. 
The  effect  of  length  on  the  average  SAR  is  also 
depicted  for  both  polarizations. 

In  the  following  simulations  the  incident  power  is 
taken  to  be  1  mW/cm2  for  both  vertical  and  horizontal 
polarizations. 

Table  1.  gives  the  parameters  used  for  each  tissue 
layer  of  man  [4],  considered  in  simulations.  For  the  five 
layer  model  of  man  the  fourth  layer  is  considered  to  be 
air  of  thickness  6  mm.  and  the  fifth  layer  is  taken  to  be 
wet  clothing  with  complex  permittivity  e  r  =  10  —  j5  for  all 
frequencies  [1], 

In  Fig. (2)  the  effect  of  length  at  normal  incidence  on 
the  average  SAR  is  considered  for  both  polarizations. 
Simulations  for  two  different  lengths  of  1.7  mt.  and  1.0 
mt.  are  made. 

In  Figs.  (3)-(5)  average  SAR  versus  frequency  plots 
for  different  layers  in  modeling  man,  are  given  for 
vertical  and  horizontal  polarizations.  Incidence  angles 
(  namely  6i  =30°  ,  0,  =  60°  and  6;  =90°  )  are  taken  as 
parameters  in  all  figures.  Normal  incidence  (0j=9O°) 
corresponds  to  the  cases  depicted  in  [1], 


Table  1.  Parameters  of  the  different  tissue  layers. 


E  r  (F/m) 

a  (S/m) 

Thickness  (m) 

Skin 

29.10 

2.08 

0.002 

Fat 

5.61 

0.112 

0.01 

Muscle 

50.63 

1.56 

0.1008 

From  Fig. (2)  it  can  be  seen  that  length  has  no  effect 
on  the  average  SAR.  Although  this  is  what  was 
expected  from  the  approach  used  in  this  work,  it  is 
deceiving.  In  the  cylindrical  modeling  of  man,  the 


internal  fields  are  assumed  to  be  the  same  as  those  of 
an  infinite  cylinder  having  the  same  physical  and 
electrical  properties  and  orientation  with  respect  to  the 
incident  field.  This  assumption  will  disguise  the  effect  of 
length  since  in  reality  the  fields  inside  the  finite  cylinder 
differ  from  those  of  the  infinite  cylinder  and  also  change 
with  length. 


Figure  2  :  The  effect  of  length  on  the  average  SAR 
versus  frequency  curves  for  the  single  layer 
model  for  both  vertical  and  horizontal 
polarizations. 

It  is  seen  that  for  normal  incidence  the  results 
obtained  in  Figs.  (3)-(5)  are  in  good  agreement  with 
those  of  [1],  For  oblique  incidence,  up  to  around  400 
MHz.  average  SAR  appears  to  be  higher  for  skewer 
angles  of  incidence.  This  may  be  due  to  the  cross 
polarization  terms  appearing  in  the  field  expressions, 
in  the  400  -  600  MHz.  frequency  range  there  is  a 
cross-over  between  the  normal  and  oblique  incidence 
curves  and  this  takes  place  close  to  the  frequency 
where  the  muscle  tissue  is  distinguished  between 
behaving  as  a  good  conductor  and  a  good  dielectric 
(amuscle/2f7ts0sfnusc'e  =i).  For  frequencies  above 
approximately  600  MHz.  the  average  SAR  for  incidence 
with  skewer  angles  are  lower  for  both  vertical  and 
horizontal  polarizations. 

It  is  apparent  from  the  given  figures  that  the  average 
SAR  depends  on  the  angle  of  incidence,  polarization, 
frequency  and  the  constitutive  parameters  of  man.  The 
effect  of  layering  is  the  addition  of  extra  peaks  for  all 
angles  of  incidence.  For  frequencies  above  8  GHz.  the 
effect  of  layering  decreases  and  the  average  SAR 
curves  tend  to  the  single  layer  model.  But  we  do  not 
see  why  this  should  be  due  to  the  low  depth  of 
penetration  at  frequencies  above  8  GHz.  as  mentioned 
in  [1],  since  at  these  frequencies  the  loss  tangent  is 
very  small  and  all  tissue  layers  act  as  good  dielectrics 
and  the  attenuation  factors  of  all  layers  settle  to 
constant  values  determined  by  their  conductivities  and 
relative  permittivities.  Since  other  layers  are  very  thin 
compared  to  the  muscle  layer,  the  muscle  layer  will  play 
a  dominant  role  at  frequencies  above  8  GHz. 
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Figure  3  a:  Average  SAR  versus  frequency  for  the 
single  layer  model  for  vertical  polarization. 


Figure  3  b:  Average  SAR  versus  frequency  for  the 
single  layer  model  for  horizontal  polarization. 


Figure  4  a:  Average  SAR  versus  frequency  for  the  triple 
layer  model  for  vertical  polarization. 


Figure  4  b:  Average  SAR  versus  frequency  for  the  triple 
layer  model  for  horizontal  polarization. 


Figure  5  a:  Average  SAR  versus  frequency  for  the  five 
layer  model  for  vertical  polarization. 


Figure  5  b:  Average  SAR  versus  frequency  for  the  five 
layer  model  for  horizontal  polarization. 
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4.  CONCLUSIONS 

The  results  depicted  gives  a  more  general  picture  of 
the  behavior  of  the  average  SAR  in  human  body.  For 
normal  incidence  they  are  in  good  agreement  with  the 
results  obtained  in  [1], 

It  is  seen  that  for  skewer  angles  of  incidence  the 
average  SAR  increases  in  the  frequency  range  where 
the  dominant  tissue  layers  act  as  good  conductors.  For 
the  frequency  range  where  the  dominant  tissue  layers 
act  as  good  dielectrics  the  average  SAR  decreases  as 
the  angle  of  incidence  gets  skewer. 

It  was  not  possible  to  observe  the  effect  of  length  on 
average  SAR  with  the  present  approximation  for  the 
internal  fields  of  the  finite  cylinder  since  it  does  not 
reflect  the  dependence  of  these  internal  fields  on  the 
cylinder  length. 
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Abstract 

The  ionic  spread  through  the  membrane  of  the  nerve 
fibre  placed  axially  into  the  constant  magnetic  field 
(CMF)  is  considered.  It  is  shown  that  the  circulating 
currents  appear  during  the  propagation  of  the  Action 
potential  along  the  fibre  due  to  Lorentz  force. 
Magnetic  moments  of  the  circulating  currents  precess 
round  the  external  CMF  direction. 

The  ionic  paramagnetic  resonance  (IPR)  appears 
during  the  alternating  current  passing  through  the 
nerve  fibre  (in  vivo  consisting  of  the  organ)  at 
coincidence  of  the  current  frequency  and  precession 
frequency.  The  impedance  of  biotissues  is  increasing 
greatly  at  that  moment.  The  IPR  method  allows  to 
selective  determine  the  intensity  of  the  ion  flow, 
because  the  resonance  frequency  depends  on  the  type 
of  ions  moving  through  the  membrane. 

1.  INTRODUCTION 

Spreading  of  the  nerve  impulse  along  the  nerve  fibre 
is  the  process  accompanied  by  the  movement  of  the 
ions  through  the  fibre  membrane.  In  the  main  they 
are  the  Na+  and  K+  ions.  Also  the  Cl"  ions  for 
which  the  membrane  is  enough  permeable, 
constantly  move  through  the  membrane  by  simple 
diffusion.  Besides  there  are  other  ions  moving 
through  the  membranes  of  the  nerve  and  muscle 
fibres  during  the  varoius  physiological  processes. 
Penetration  of  the  H+-ions  through  the 
mitochondria  membrane  is  the  most  important  and 
in  particular  for  ATPh  synthesis. 

Functional  state  of  the  nerve  and  muscle  fibre 
membranes  depends  on  intensity  of  the  ion  transfer. 
Decrease  of  the  intensity  of  the  ion  transfer  testifies 
to  metabolic  inhibition,  lower  level  of  the  energy 
processes  and  that  is  the  reason  of  the  various 
pathology.  On  the  other  hand  increase  of  the 
intensity  of  the  ion  transfer  more  than  normal 
testifies  to  disturbanse  of  the  barrier  function  of  the 
membranes.  The  latter  also  leads  to  the  pathologic 
processes.  Therefore  making  more  precise  the 
intensity  of  the  ion  transport  both  active  and  passive 
and  comparision  it  with  normal  one  is  the  important 
diagnostic  problem.  Selective  determination  of  the 
ion  transport  intensities  for  individual  kind  of  ions 
appeals  to  diagnostic  aims. 


2.  BIOPHYSICS  BASIS  OF  THE  IPR 

The  problem  raised  here  can  be  solved  by  ion 
paramagnetic  resonance  appearing  on  the  setting  of 
the  organism  into  the  CMF. 

The  essence  of  the  resonance  rise  is  as  follows  (Fig.  1). 
Let  us  look  at  the  spreading  of  the  nerve  impulse 
along  the  nerve  fibre  1  which  is  acted  by  CMF. 
Induction  Bo  of  the  external  CMF  is  directed  axially 
to  the  fibre.  That  situation  takes  plase  in  the  sciatic 
nerve  of  the  human  being  which  lower  extremities  are 
placed  along  the  axis  of  the  solenoid  creating  CMF. 
Ions  2  moving  perpendicularly  to  the 
neuromembrane  at  the  velosity  V  are  acted  by 
Lorentz  force  F  which  directed  along  the  membrane 
surface  and  perpendicularly  to  the  fibre  axis.  That 
force  creates  the  tangential  components  of  the 
movement  velosity  of  the  ions  both  diffusible 
between  lipid  molecules  and  moving  within  the  ionic 
channels. 

Tangential  movement  of  the  ions  creates  the 
circulating  current  3  inside  the  nerve  fibre.  The 
current  has  maximal  value  at  acrossing  the  action 
potential  because  the  ion  transfer  is  the  most 
intensive  exactly  at  that  moment.  Current  circle  3 
and  its  magnetic  field  4  having  a  tore  form  move 
along  the  fibre  in  common  with  the  action  potential. 
The  magnetic  moment  Pm  may  be  the  characteristic 
of  the  magnetic  field  bound  to  the  current  circle. 
According  to  principles  the  quantum  mechanics,  the 
magnetic  moment  Pm  cannot  coincide  the  direction, 
allocated  by  the  external  magnetic  field  [1], 

According  to  the  Larmor  theorem  magnetic  moment 
Pm  will  precess  round  the  vector  of  the  external 
magnetic  field  induction  B0  with  Larmor  frequency 
co  which  may  be  calculated  from  the  formula: 

q  B 

<j  =  - 

2  m 


where  q  is  the  charge  of  the  ion  creating  the 
circulating  current,  m  is  the  ion  mass.  It  is  important 
to  note  that  the  common  magnetic  moment  of  the 
circulating  current  Pm  represents  the  vector  sum  of 
the  magnetic  moments  determined  by  movement  of 
various  kinds  of  ions  across  the  neuromembrane. 
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The  certain  precessy  Larmor  frequency  corresponds 
to  every  kind  of  ions. 

The  Larmor  frequencies  v  =  co/(27t)  calculated  for 
various  kind  of  ions  for  external  CMF  Bo=10  mT 
are  given  in  the  table  1. 


Table  1 


Ion 

v,Hz 

1 

Ua* 

3340 

2 

K* 

1970 

3 

H+ 

76836 

4 

Cl- 

2195 

5 

ca++ 

3841 

6 

Mg+  + 

6403 

The  induction  B0  =  10  mT  is  in  the  range  of  values 
usually  being  applied  to  the  magnitotherapeutic 
procedure. 


3.  USE  OF  THE  IPR  FOR  ANALYSIS  OF 
MEMBRANEOUS  PROCESSES 

If  the  nerve  fibre  is  placed  in  an  electromagnetic  field 
5,  paramagnetic  resonance  arises  at  coincidence  of 
the  frequency  of  magnetic  moment  Pm  precession 
round  the  external  CMF  and  electromagnetic  field 
frequency  of  precession.The  resonance  frequency 
corresponds  to  the  Larmor  precession  frequency  and 
it  is  a  individual  characteristic  of  the  ion  penetrating 
through  the  membrane. 

Electromagnetic  field  inside  the  organ  may  be 
created  by  conducting  alternating  current  with 
changing  frequency. 


Fig.  1:  Biophysical  principle  of  IPR: 

1  -  nervous  membrane, 

2  -  ion  moved  trough  membrane, 

3  -  circle  current, 

4  -  toroidal  magnetic  field, 

5  -  external  electromagnetic  field. 
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Fig.  2:  The  block-sheme  of  device  for  reseach  IPR: 

1  -  organ  with  reseach  nerve, 

2  -  solenoid  for  creation  of  constant  magnetic  field, 

3  -  electrostimulator, 

4  -  generator  for  creation  high-frequency  current. 


Resonance  appearing  at  coincidence  of  the 
alternating  current  frequency  and  Larmor  one  leads 
to  increase  the  absorbtion  the  electromagnetic  Field 
energy  by  organ  tissue  and  as  consequence  to 
increase  of  the  tissue  impedance. 

It  leads  to  decrease  the  alternating  current  value  at 
the  resonance  Larmor  frequency  under  that  voltage. 

The  frequency  at  which  the  great  decrease  of  the 
alternating  current  being  conducted  takes  place 
allows  to  determine  the  kind  of  the  ions  passing 
through  the  membrane,  the  value  of  the  current 
change  allows  to  see  the  change  of  the  ion  transport 
intensity  comparatively  to  normal. 

It  may  be  noted  some  formal  analogy  between  ion 
paramagnetic  resonance  and  electron  paramagnetic 
resonance  [2], 


4.  APPLICATION  OF  THE  IPR  IN  THE 
NEUROPHYSIOLOGY 

The  scheem  of  registration  which  of  ion 
paramagnetic  resonance  on  the  human  sciatic  nerve 
is  shown  in  Fig.2. 


_ , _ L_ 

l)l  2 


l)3  ^ 


Fig.  3:  Example  of  IPR-gram: 

Z  -  impedance  of  tissue, 
v  -  resonance  frequency. 
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The  lower  extermity  1  is  placed  inside  the  solenoid  2 
which  creates  the  CMF  with  the  necessary  induction. 
Electrostimulator  3  creates  the  skinover  single  nerve 
impulses  spreeding  along  the  sciatic  nerve.  Generator 
4  is  intended  for  creation  of  the  alternating  current 
with  changing  frequency.  The  current  value  is 
registered  by  measuring  device  A. 

The  approximate  form  of  the  impedance  spectrum,  i. 
e.  dependence  of  the  tissue  impedance  value  Z  during 
the  passing  of  the  nerve  impulse  on  a  frequency  v  is 
shown  on  Fig.  3.  Ion  paramagnetic  resonance  for 
various  kinds  of  ions  is  observed  at  frequencies  vj. 

5.  THE  IPR  PUTING 
INTO  MEDICAL  PRACTICE 

Alot  of  pathological  states  of  organism  occur 
because  of  ion-penetration  running  throngh  the  cell 
membrane  breach.  These  breaches  may  be  different. 
First  of  all  itis  because  the  protective  finction  of 
membrane  is  changing  for  the  worse.  It  gives  the 
opportunity  either  to  enter  the  superfluous.  Na+  ions 
to  the  cell  or  the  superfluous  K  ions  leave  it.  In 
consequence  of  it  membrane  electrochemical 
potential  falls  down  and  a  cell  stops  functioning  .  So 
the  nerve  fibre  stops  functioning  as  well;  a  secretive 
cell  doesn't  supply  the  organism  with  the  necessary 
substances. 

The  membrane  worse  conductivity  may  depend  on 
bad  functioning  of  ion  canal  and  different  kinds  of 
transfers.  This  leads  to  reducing  of  ion  flows  which 
are  necessary  for  a  normal  cell  life. 

The  cell  accumulates  slags  and  starts  anomalously 
functioning,  therefore  structural  damages  take  place. 
All  these  damages  could  be  diagnosed  with  the  help 
of  the  ionic  paramagnetic  resonance. 

Thus  this  method  gives  a  new  possibility  to  diagnose 
the  causes  of  many  diseases  and  creates  the 
conditions  for  the  most  suitable  treatment  which 
depends  not  only  on  the  disease  symptoms.  For  a 
wider  inculcation  of  this  method  into  practice  it  is 


necessary  to  go  on  further  research  work  to  reveal 
the  connection  between  the  concrete  pathology  and 
the  intensity  of  ion  transfers  in  organ  tissue. 


6.  CONCLUSION 

Experimentally  [3]  the  magnetic  parametrical 
resonance  of  ions  Ca++  and  Mg++  in  the  biosystems 
is  found  out.  Therefore  the  submitted  method 
presented  here  allows  to  create  the  apparatus  which 
can  be  used  to  diagnose  in  vivo  the  selective  intensity 
of  the  ion  transport  through  the  cell  membrane.  It 
will  help  to  ascertain  the  true  reasons  of  many 
pathology  and  create  active  methods  for  their 
treatment. 
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Intensive  electromagnetic  field  (EMF)  arising 
in  the  space  around  busbars  in  the  operating  high 
voltage  electrical  plants  is  one  of  the  factors 
determining  hazard  and  unhealthy  conditions  of 
works.  Maintenance  personnel  of  the  plants  gets 
the  disturbance  of  the  nervous  and  cardio-vascular 
systems,  high  fati guabil ity ,  low  attention 
concentration,  the  change  of  blood  pressure  and 
pulse  that  causes  arrhythmia,  etc.  [  1  ]. 

It  should  be  pointed  out  that  negative  influence  of 
EMF  of  electrical  plants  with  voltage  more  than  220 
kV  as  well  as  equipment  operating  at  high  and  ultra- 
high  frequencies  was  understood  best  of  all.  But 
estimation  of  EMF  at  up-to-date  industrial  enterprises 
full  of  equipment  operating  on  different  voltages  (less 
than  1  lOkV,  as  a  rule)  and  frequencies  (50  Hz  and 
200  Hz)  was  not  carried  out  yet.  This  problem  is  the 
most  topical  in  the  Far  North  where  environment 
determines  conditions  of  work  and  state  of  health. 
Factors  of  environment  are:  drastic  atmospheric 
pressure  and  air  humidity  differentials,  negative 
radiation  balance,  intensive  geomagnetic 
disturbances,  strong  static  charges  (especially  in 
winter)  and  aeroionizatoin  [2],  These  climate  and 
geographical  features  of  northern  areas  essentially 
change  the  psycho-physical  state  of  the  personnel, 
its  response  to  external  irritants  and,  as  consequence, 
determine  safe  service  of  the  electrical  equipment. 

In  order  to  define  the  most  dangerous  places 
where  personnel  can  be  the  experimental 
investigations  of  EMF  parameters  in  service  areas 
situated  in  special  galleries  along  the  mains  three 
phases  busbars  of  lOkV  voltage  at  one  of  the 
enterprises  of  Norilsk  Mining  Metallurgical  Works  was 
carried  out.  Busbars  are  made  in  the  form  of  tubular 
symmetric  steelworks.  Busbars  of  different  phases  are 
arranged  at  the  comers  of  the  equilateral  triangle.  They 
are  suspended  by  special  brackets.  Full  transmitting 
power  on  voltage  ratings  U=10.5  kV  is  91.7-165.5  MVA. 
Allowable  amperages  within  heating  conditions  of 
busbars  is  5.04-9. 1  kA  respectively. 


Generally,  the  electrical  field  has  adverse  effect 
on  the  human  body  in  electrical  plants  operating  at 
industrial  frequency.  According  to  GOST  (Russian  state 
standards  system)  the  instrument  “NFM-1"  was  used 
for  measurements.  Its  application  sphere  is 
measurements  of  the  electrical  field  tensity  (E)  at  50 
Hz  (with  probe  of  E  type).  The  maximum  scale  limits  are 
10,30, 100, 300 and  1500  V/m.  Maximum  error  is  ±20%. 

Two  busbars  service  area  is  the  special  central 
passage  of  1.8  m  width.  It’s  partitioned  off  the  busbars 
by  metal  nettings  and  partially  asbestos-cement  slabs 
of  2. 1  m  height.  Investigations  of  this  area  were  carried 
out  in  devised  methods.  The  following  have  been  done: 

-  study  of  arrangement  plan  of  busbars  to  define 
the  target  sections  and  target  points  for  measure¬ 
ment  E; 

-  provisional  analytical  estimation  of  E  in  the  ser¬ 
vice  area  at  familiar  technological  operating  mode 
parameters; 

-  setting  the  instrument  for  measurements; 

-  measuring  E  and  representing  of  results  as  distri¬ 
bution  plots  (fig.  1)  and  diagrams  (fig.  2)  of  E  in 
the  space  of  central  passage; 

-  analysis  of  the  results. 

According  to  GOST  [  3  ]  measurements  of  air 
temperature  were  carried  out  before  and  after  mea¬ 
surements  of  E;  its  values  are  0°C  and  +2°C  respec¬ 
tively.  Also  there  was  amperage  defined:  lm|n=1.4kA, 

I  =3.06  kA. 

max 

The  results  of  the  investigations  show  the  follow¬ 
ing: 

-  maximum  value  of  E  in  height  (axis  Y)  is  defined 
above  barrier  of  busbars  (h=2.1m).  It  does  not 
exceed  1 .5  kV/m. 

-  values  of  E  in  width  of  service  area  (axis  Z)  from 
zero  point  to  h=1 .5m  do  not  exceed  0.15  kV/m. 
Emax  is  defined  at  height  h=2.1m  directly  above 
the  barrier.  When  moving  to  the  center  of  the  gal¬ 
lery  at  this  height  the  value  of  E  is  decreasing 
very  quickly  and  does  not  exceed  0.2  kV/m  in  the 
passage. 
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Emix  in  inspection  direction  (axisX)  is  defined  in 
the  center  of  the  distance  between  reinforced  con¬ 
crete  cotumns  at  height  h=Z1m.  When  moving  to  these 
columns  the  value  of  E  is  decreasing  to  0. 1 50.2  kVAn. 
Emax  along  straight  parts  of  the  gallery  is  almost 
the  same  as  Em)(x  at  the  turns.  They  are  1.2  kV/m 
and  1.45  kV/m  respectively. 

EMF  tensity  of  two  busbars  tends  to  decrease  in 
direction  from  the  energy  source  (heat  and  power 
plant)  to  distributing  points, 
two  symmetric  lines  of  three  phases  busbars  at 
the  both  sides  of  the  passage  do  not  sufficiently 
increase  the  value  of  E  in  service  area  in  compari¬ 
son  with  one  line  of  busbars.  Difference  between 
Emtx  in  these  cases  is  tenth  fractions  of  kV/m. 

CONCLUSIONS 

Values  of  E  in  service  area  of  busbars  on  10  kV 
voltage  at  one  of  the  enterprises  in  the  Far  North 
do  not  exceed  a  limiting  value  of  5  kV/m  at  busbars 
amperage  1=3.5  kA. 

Defined  values  of  E  do  not  limit  the  duration  of 
personnel  staying  in  service  area. 

The  increasing  of  busbars  amperage  causes  the  in¬ 
creasing  of  E.  It  isnecessaryto  make  extra  investiga¬ 
tions  of  EMF  parameters  when  amperage  is  more 
than  5  kA.  The  most  dangerous  places  are  ones 
above  the  barri  er  (in  its  plane)  at  the  center  of  the  dis¬ 
tance  between  adjacent  columns. 
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ABSTRACT 

The  transmission  of  signals  on  power  networks  is  a 
quite  difficult  problem.  The  so  called  Mains  signalling 
systems  meet  with  a  wide  range  of  EMC  features. 
Particularly  the  power  lines  are  strongly  disturbed 
channels.  The  paper  gives  a  general  overview  on  these 
EMC  features,  the  relevant  standardization  and 
rationales  hereto. 

1.  BACKGROUND 

1 .1 .  The  50/60  Hz  power  network  is  designed  to 
transport  electrical  energy  but  already  by  the  end  of  the 
1 9th  century  the  idea  arose  to  use  it  for  the 
transmission  of  information  with  superimposed  signals 
at  a  higher  frequency.  The  realization  of  the  idea 
started  actually  only  in  the  twenties  with  the  so-called 
Ripple  Control  Systems.  They  developed  well,  in  the 
very  low  frequency  range  of  1 10  Hz  to  1(3)  kHz  as  one 
way  systems  for  utilities  with  a  downwards  signal 
transmission  from  the  substations  to  the  LV  customers. 
They  are  used  mainly  for  load  control,  the  control  of 
watt-hour  meters  and  other  remote  switching 
operations. 

With  the  tremendous  progress  in  the  last  thirty  years  in 
the  field  of  (micro)  electronics  and  signal  transmission 
techniques  (modulation,  coding, ...)  and  with  the  trend 
towards  increasing  automation  of  the  network  sen/ices, 
new  two  way  systems  are  being  developed  in  a  higher 
frequency  range  of  3  to  1 50  (even  525)  kHz. 

Three  kinds  of  application  should  now  be  considered: 

•  two  way  systems  for  Utilities,  with  downwards 
signalling  for  the  same  control  functions  as  Ripple 
Control  and  upwards  signalling  for  data 
transmission  like  remote  meter  reading,  network 

status  information,  etc . With  regard  to  the 

difficult  transmission  of  high  frequencies  on  power 
networks  (see  below),  the  tendency  seems  to 
prevail  now  -  at  least  in  Europe  -  to  transmit  the 
signals  only  on  the  LV  level  and  to  go  from  the 
MV/LV  distribution  transformers  stations  by  means 
of  telecommunication  channels  (telephone,  radio)  to 
the  central  controller. 

•  two  way  systems  for  Utilities  for  Network 
Automation  functions  mostly  in  the  MV  networks, 


e.g.  remote  control  of  MV  switches,  data 
transmission  (load  ,  voltage,  etc.  ...).  For  these 
functions,  signal  transmission  is  required  only  on 
the  MV  level.  Such  systems  are  also  called 
Distribution  line  carrier  systems,  DLC  systems. 

•  two  way  systems  for  private  users  in  the  consumer 
premises,  either  residential  houses  (switching 
operations,  alarms,  etc.)  or  in  commercial  and 
industrial  plants.  Signal  transmission  occurs  only  on 
the  LV  level  within  the  limited  area  of  the  user. 

1 .2.  Signal  transmission  on  the  power  network  -  “Mains 
Signalling"  (MS)  -  is  a  quite  difficult  problem: 

•  the  network  is  built  for  the  power  frequency  and  at 
higher,  even  much  higher  frequencies,  great 
voltage  drops  can  occur  along  the  line  inductances 
network  or  user  capacitors  absorb  the  signals  or 
create  resonances,  etc.  ...  Particularly  the  short- 
circuit  impedance  of  the  MV/LV  transformers 
causes  great  voltage  attenuations.  After  the  original 
attempt  to  transmit  the  signal  on  two  power  voltage 
levels  -  MV  and  LV  -  the  tendency  is  now  to  remain 
only  on  one  level  and  it  is  appropriate  to  consider 
independently  the  MV  and  LV  levels. 

•  the  power  network  is  a  strongly  disturbed  medium 

•  however,  the  transmitter  power  is  quite  small,  at  the 
user  site  in  the  range  of  some  watts.  Accordingly, 
the  signal  level  is  very  low. 

•  several  independent  systems  (for  utilities  or  private 
users)  may  be  installed  in  the  same  network. 

Mutual  influences  must  be  avoided. 

•  the  equipment  has  to  comply  with  all  safety  and 
EMC  requirements,  e.g.  the  EU  directives. 

Aim  of  this  paper  is  to  present  a  short  but 
comprehensive  overview  of  the  EMC  features  of  Mains 
Signalling.  Three  basic  problems  of  Mains  Signalling 
are  not  directly  related  to  EMC  and  will  not  be  dealt 
with  in  this  paper:  signal  transmission  in  the  networks, 
signal  modulation  and  coding.  They  will  just  shortly  be 
considered  in  relation  with  EMC.  As  this  technique  is 
subject  of  a  comprehensive  standardization  it  will  be 
wiedely  based  on  it. 

Note:  the  paper  will  deal  only  with  new  systems  in  the  3 
to  500  kHz  frequency  band  and  will  not  consider  the 
previous  well-  established  Ripple  Control  Systems. 
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2.  TERMINOLOGY 

Generally  IEC  50(161)  -  IEV  chapter  on 
Electromagnetic  Compatibility  -  is  applied  in  this  paper, 
but  some  terms  need  a  more  specific  definition. 

•  EM  INFLUENCE  OR  DISTURBANCE:  cause  of  an 
EM  effect,  in  the  present  case  also  the  signals  on 
the  mains 

•  EM  INTERFERENCE:  degradation  caused  by  an 
EM  disturbance 

•  FUNCTIONAL  IMMUNITY:  correct  operation  of  a 
Mains  Signalling  System  in  the  presence  of  EM 
noise 

•  EQUIPMENT  IMMUNITY:  no  degradation  of  the 
Mains  Signalling  apparatuses  (components,  etc., 

...) 

•  IN-BAND  FREQUENCY  RANGE:  frequency  range 
within  which  the  Mains  Signalling  System  operates 

•  OUT  OF  BAND  FREQUENCY  RANGE:  frequency 
ranges  outside  -  below  or  above  -  the  in-band  range 

For  simplification,  in  the  following,  the  term  System  will 
mean  a  Mains  Signalling  System  unless  otherwise 
specified. 

3.  THE  EMC  PROBLEMS  OF  MAINS  SIGNALLING 

Mains  signalling  should  not  be  considered  just  as  a 
collection  of  single  apparatuses  but  consist  of  a 
complex  system  of  various  elements:  the  central 
control  and  emission  items,  the  MV  or  LV  network  as 
transmission  channels,  the  receivers/emitters 
(transceivers)  at  the  user  sites,  the  external  world,  ... 
whereby  these  elements  frequently  interfere  with  each 
other. 

There  are  numerous  problems  related  to  EMC: 

•  allocation  of  frequency  bands  or  choice  of 
appropriate  frequencies  (Chapter  4) 

•  permissible  signal  level  (Chapters  5  and  7) 

•  effects  of  external  EM  disturbances  -  functional 
immunity  (Chapter  6) 

•  limitation  of  disturbance  emissions  (Chapter  7) 

•  mutual  influences  between  systems  (Chapter  8) 

•  equipment  immunity  (Chapter  9) 

4.  FREQUENCY  BANDS 

Several  factors  influence  the  selection  of  the  mains 
signalling  frequency(ies)  and  have  to  be  considered: 

•  a  sufficiently  reliable  signal  propagation:  this  leads 
to  a  relatively  low  frequency 

•  a  sufficient  functional  immunity  against  network 
disturbances 

•  avoiding  of  interferences  of  other  equipment  from 
line  conducted  or  radiated  effects 

•  avoiding  of  mutual  interference  with  neighbouring 
installations 

The  frequencies  bands  allowed  for  mains  signalling 
have  been  standardized  by  IEC  [1]  and  CENELEC  [2]. 
The  lower  limit  has  been  set  above  the  Ripple  Control 
frequencies  at  3  kHz.  As  for  the  upper  limit,  the  critical 
factor  is  to  avoid  disturbances  of  the  radio 


communication  services,  more  exactly  of  the  long  wave 
broadcasting  frequencies.  The  upper  limits  became 
therefore: 

•  in  Europe  -  ITU  Region  1  -  where  there  are  several 
LW  stations:  148,5  kHz  (150  kHz  less  the  sideband 
AM  modulation)  [1]  [2] 

•  outside  Europe  -  ITU  Regions  2  or  3  -  500  kHz 
respectively  525  kHz.  [1] 

in  order  to  avoid  mutual  influences,  it  appeared 
appropriate  to  split  the  frequency  band  at  95  kHz  into 
two  parts,  the  lower  part  3  to  95  kHz  being  allocated  to 
Utilities  and  their  licensees  (better  signal  transmission 
over  long  lines),  the  upper  part  95  to  148,5  kHz  being 
allocated  to  private  users.  Furthermore,  a  share  of  the 
upper  part  125  to  140  kHz  is  reserved  for  systems  with 
an  access  protocol,  in  order  to  avoid  mutual  influences 
between  private  systems  (see  Chapter  8). 


0  20kHz  40kHz  60kHz  80kHz  100kHz  120kHz  140kHz  160kHz 


3  to  9  kHz: 

9  to  95  kHz: 

95  to  125  kHz: 
125  to  140  kHz: 
140  to  148,5  kHz: 
148,5  to  525  kHz: 


Utilities  and  customers 
Utilities  and  their  licensees 
Customers  without  access  signal 
Customers  with  access  signal 
Customers  without  access  signal 
Utilities  in  ITU  regions  2  and  3 


Fig  1  -  Frequency  allocation  for  Mains  Signalling 


It  should  be  noted  that  in  the  frequency  band  3  to  148,5 
kHz  there  are  still  some  LW  radio  stations,  e.g.  for 
Standard  Frequency  and  Time  Signals  (for  example,  in 
Switzerland  at  20  kHz)  or  for  Navigation  purposes 
(LORAN).  It  is  advisable  to  avoid  such  frequencies. 


5.  SIGNAL  LEVEL 

Somewhat  similar  considerations  as  for  the  frequency 

bands  should  be  made  for  determining  the  signal  level 

•  on  the  one  hand  a  sufficiently  high  signal  level 
should  be  provided  in  order  to  allow  a  good 
functional  immunity  on  a  very  disturbed  channel, 
the  power  network 

•  on  the  other  hand,  the  signal  level  should  remain 
sufficiently  low  in  order  to  avoid  interferences  with 
other  equipment,  particularly  with  radio  services. 
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Experience  gained  during  long  trials,  have  shown  that 
in  for  a  correct  operation  of  the  receivers,  assuming  an 
appropriate  signal  modulation  (see  Chapter  6),  a  signal 
level  in  the  range  of  60  dbpV  ~  1  mV  is  appropriate. 
Further  on  the  LV  level  it  can  be  reckoned  with  an 
average  signal  attenuation  on  the  utilities'  LV  lines  of 
ca.  60  dB  (in  home  networks  20  to  40  dBs)  so  that  a 
minimum  signal  emission  level  in  the  range  of  120  dB  ~ 
IV  (in  home  networks  100  dB  ~  0,1  V)  is  necessary. 
These  levels  depend  on  the  frequency.  Higher  levels 
will  assure  a  more  secure  operation. 


The  signal  limits  and  the  detailed  measurement 
procedures  for  the  different  kinds  of  systems  are 
described  in  the  relevant  standards  [1],  [2].  For  general 
information  we  shall  consider  in  this  paper  the  systems 
normally  used  with  injection  between  phase  and  neutral 
(differential  mode).  With  regard  to  the  very  short 
signals  (see  Annex  B),  peak  values  shall  be  measured 
with  an  appropriate  spectrum  analyzer. 

In  the  testing  arrangement  the  following  levels  should 
not  be  exceeded  (see  Fig  3): 


A  particular  feature  of  MS  is  that  the  output  impedance 
of  the  emitters,  the  LV  or  MV  network  impedance  at  the 
signal  frequency  varies  in  a  very  large  range.  In  a  LV 
network,  this  output  impedance  can  vary  between  1  £2 
up  to  200  £2  depending  on  the  momentary  load,  the 
load  represented  by  the  receivers,  the  length  of  the 

lines,  etc . MS  emitters  have  to  be  designed 

accordingly. 

A  problem  arises  with  testing  and  in  case  of 
certification  as  for  comparable  and  reproducible  results, 
identical  measurement  conditions  have  to  be  specified. 
For  understandable  reasons,  it  has  been  tried  to  use 
existing  CISPR  equipment.  The  testing  arrangement 
defined  by  the  relevant  standards  [1],  [2]  prescribes  the 
use  of  artificial  mains  V-networks  with 
50  £2  /  50  mH  +  5  £2  according  to  CISPR  16-1 ,  Annex  F 
as  standardized  loads  (as  the  standard  CISPR  network 
is  designed  for  frequencies  above  150  kHz,  it  has  a  too 
high  impedance  at  the  lowest  mains  signalling 
frequencies.  Either  the  5  £2  resistance  must  be 
replaced  by  1 ,6  £2  or  the  equipment  must  be  extended 
by  an  adaptive  network).  The  use  of  a  standard  CISPR 
network  offers  the  advantage  that  it  allows  the 
measurement  of  out-of-band  spurious  disturbances 
with  the  same  arrangement  (see  Fig  2). 


L  2S0yMH  50/<H 

^  -  -  ***»> _ _ _ /vwt 

Signal  Injection 
system 

l) 

£ 

— 

mm.  1,0  ^ 

— 

Measuring 

receiver 

(son) 

\to  KjO. 

-  3  to  9  kHz 

-  9  to  95  kHz 


-  95  to  148,5  kHz 


-134  dBpV/5.0  V 

-  Narrow  band  signals: 
decreasing  from  134  dBpV/5.0 
V  to  120  dBpV/1 .0  V  with  the 
logarithm  of  the  frequency 

-  Wide  band  signals: 

134  dBpV/5.0  V,  but  no  single 
frequency  shall  exceed  1 20 
dBpV/I.OV 

-  General  use:  116  dBpV/0.8  V 

-  Particular  applications 
(industrial)  1 34  dBpV/5.0  V 


Fig  3  -  Mains  signalling  levels  and  CISPR  limits 


_  Mains  signalling  emission  level 

-  Range  of  magnitude  of  Mains  signalling  receiving 
level 

— CISPR  limits  for  induction  appliances 


It  should  be  noted  that  in  practice  the  emitters  generally 
Fig  2  -  Measuring  arrangement  for  MS  Signals  ®enc*  t^ie'r  si9nals  °n  a  mismatched  network 

impedance  and  that  the  actual  emission  voltage  may 
be  quite  different  from  the  above  nominal  values: 
higher  or  lower.  Furthermore,  resonances  may  occur. 


f 
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6.  EFFECTS  OF  EM  DISTURBANCES  ON  MAINS 
SIGNALLING  SYSTEMS  -  FUNCTIONAL  IMMUNITY 

MS  Systems  are  exposed  to  various  external  radiated 
or  conducted  EM  disturbances,  which  may  prevent  a 
correct  functioning. 

As  for  radiated  disturbances,  two  main  sources  are  of 
importance: 

•  radio  broadcast  in  the  frequency  range  of  MS  like 
Time  Signal  Transmitters  (e.g.  in  Switzerland  20 
kHz,  in  Germany  75  kHz)  or  Maritime  Navigation 
Transmitters  (LORAN)  with  high  field  levels  (up  to  1 
V/m  near  the  stations) 

•  unintentional  industrial  disturbances  (e.g.  induction 
ovens)  or  residential  (e.g.  induction  cooking 
appliances  in  the  frequency  band  20  to  40  kHz) 

These  radiated  disturbances  may  influence  MS 
apparatus  either  directly  or  by  induced  currents.  As  for 
the  broadcast  transmitters,  the  easiest  way  to  avoid 
interferences  is  to  avoid  these  frequencies.  As  for 
unintentional  disturbances,  no  general 
recommendation  exists  for  limits,  but  maximum  field 
values  are  specified  in  CISPR  11  for  induction 
appliances  which  may  deal  as  reference.  The  limits  of 
the  magnetic  field  measured  in  a  2  m  loop  antenna 
should  not  exceed  108  to  73  pA/m,  decreasing  from  9 
to  148,5  kHz. 

Conducted  disturbances  originate  from  various 
sources,  e.g.: 

•  induction  cooking  appliances  (20  to  40  kHz) 

•  light  dimmers  (periodic  spikes) 

•  TV  sets  (sweep  frequency) 

•  induced  voltages  (e.g.  from  industrial  equipment) 

•  random  switching  phenomena 

Fig  4  shows  a  typical  record  of  conducted  disturbances 
in  the  range  10  to  100  kHz.  Generally,  and  in  this 
example,  three  kinds  of  disturbances  may  be 
differentiated: 

•  Gaussian  noise  (switching  operations) 

•  specific  frequencies  (e.g.  induction  applications) 

•  periodic  impulse  noise  (e.g.  light  dimmers) 

•  random  impulses 

One  can  note  that  the  Gaussian  noise  seems  to  remain 
quite  high  below  50  to  60  kHz  and  to  be  lower  above. 
Similar  values  are  shown  in  [9]  for  MV  networks 

General  limits  for  conducted  disturbances  in  the 
frequency  band  of  MS  have  not  (yet)  been  specified  but 
there  exists  again  information  in  CISPR  11  for  induction 
appliances  which  may  serve  as  guidance  (also  in 
CISPR  15,  for  lightning  equipment).  They  are  shown  in 
Fig  3. 

The  functional  immunity  of  a  MS  System  in  such  a 
disturbed  environment  must  be  achieved  by  the  use  of 
a  sophisticated  signal  modulation  methods  associated 
with  sophisticated  coding.  This  problem  is  very 
complex,  has  been  subject  of  thorough  studies  and 
cannot  be  dealt  with  in  the  context  of  this  paper.  All  the 


classical  modulation  methods  -  or  keying  -  are  used: 
Amplitude  Modulation  Keying  AMK,  Phase  Shift  Keying 
PSK,  Frequency  Shift  Keying  FSK,  Spread  Frequency 
Keying  ...  Recent  developments  led  to  a  combined 
Method:  Spread  Frequency  Shift  Keying  S-SFK  [9J 
whereby  two  frequencies  are  used  for  data  0  or  1 ,  the 
two  frequencies  are  separated  by  great  distance  (>  10 
kHz)  and  each  one  is  frequency  modulated.  Such  a 
method  combines  the  advantages  of  the  two  single 
methods. 

In  order  to  check  the  functional  immunity  of  MS 
Systems  to  above  conducted  disturbances,  specific  test 
methods  are  proposed. 

In  IEC,  for  Distribution  Automation  Systems  the 
following  tests  are  specified  [9]: 

•  the  receivers  are  operated  with  a  reference 
message  at  signal  in  the  range  of  2  mVnms  to  20 
Vrnris. 

•  three  kinds  of  disturbances  are  added: 

-  Gaussian  noise  with  increasing  energy 

-  Specific  continuous  frequencies  (Pnj/Ps  <  30  dB) 

-  periodic  impulses  5  Vp.p,  100  to  1000  Hz,  signal 
at  20  ms. 

•  with  all  these  tests,  a  bit  error  rate  BER  of  <  10'5 
should  be  achieved. 

In  CENELEC,  the  immunity  requirements  specify  only  a 
test  with  narrow  frequencies  in  the  out-of-band 
frequency  ranges.  The  disturbance  signals  should  have 
an  unmodulated  amplitude 

-  for  Utility  systems  of  134  dBnV/5.0  V 

-  for  private  systems  of  134  to  120  dBpV/5.0  to  1.0  V 
It  is  required,  according  to  the  case,  that  the  tested 
equipment  continues  to  operate  normally  or  that  only  a 
temporary  loss  of  function  occurs. 


dB 


Fig  4  -  Example  of  conducted  disturbances  in  the 
frequency  range  10  to  100  kHz 
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7.  EM  DISTURBANCES  FROM  MAINS  SIGNALLING 
SYSTEMS 

MS  Systems  are  also  a  source  of  radiated  or 
conducted  disturbances  in  the  frequency  range  3  to 
148,5  (525)  kHz  and  of  out-of-band  spurious  radiations 
at  higher  frequencies.  They  could  influence  other 
devices,  particularly  electronic  equipment  and  radio 
services. 

A  main  concern  could  arise  from  the  EM  fields 
generated  by  the  signal  voltages  or  currents  circulating 
on  the  power  lines.  The  worst  case  is  probably  the  one 
of  an  overhead  line  near  a  emitter  influencing  a  radio 
receiver  at  a  distance  of  10  to  20  m.  Accurate  field 
calculations  or  even  adequate  approximations  seem 
quite  difficult  (near-field  conditions,  earth  return,  etc., 
...).  In  the  context  of  this  paper,  the  task  is  not  to  carry 
out  a  general  study  of  these  fields  but  to  make  an 
assessment  of  acceptable  limits. 

We  refer,  rather  than  to  a  theoretical  approach,  to  a 
thorough,  practical  measurement  of  EdF  [10] 
measurements  in  a  MV  network  (the  results  are  also 
valid  for  LV  lines).  They  led  to  the  following  ranges  of 
magnitude  of  the  EM  fields,  with  1 .0  V  injection  level, 
near  the  injection  point,  between  10  and  100  kHz: 

•  E  field  ca.  90  db^V/m  /  30  mV/m  ±  20% 

•  H  field  ca.  40  db^V/m  /  0,1  mA/m  ±  20% 

With  the  allowed  nominal  voltage  of  5.0  V/m  (+  14  dB). 
E  fields  of  ca.  150  mV/m  and  more  would  be  expected. 
These  fields  are  much  higher  than  the  sensitivity  of 
radio  receivers  for  time  signals.  For  this  reason  also, 
these  frequencies  should  be  avoided.  Fortunately  the 
field  is  reduced  with  increasing  distance  to  the  lines, 
but  they  are  anyway  much  lower  in  cable  networks,  and 
mains  signalling  transmission  duration  are  very  short. 

With  regard  to  conducted  disturbances,  limits  in  the 
considered  frequency  range  are  specified  in  CISPR  1 1 
for  induction  appliances  (induction  cooking)  which  can 
serve  as  reference  (see  Fig.1): 

9  to  50  kHz:  110  pV  peak  /  200  mVpms 

50  to  148,5  kHz:  90  to  80  (iV  peak  /  30  to  1 0 

mVrms  decreasing  linearly  with 
the  logarithm  of  frequency 
These  limits  are  lower  than  the  mains  signals. 

It  appears  that  generally  there  is  not  yet  concordance 
between  the  Mains  Signalling  Standardization  and  the 
CISPR  limits  (CENELEC  SC  205A  has  invited  CISPR 
205A  to  discuss  this  problem). 

Out  of  band  conducted  or  radiated  disturbances  - 
above  148,5  or  525  Hz  -  shall  be  limited  according  to 
usual  values  specified  by  the  Generic  Standards  [12]  of 
CISPR  14. 


8.  MUTUAL  INFLUENCE  BETWEEN  NEIGHBOURING 
SYSTEMS 

This  problem  is  not  directly  EMC  related,  but  is  still 
dealt  with  in  the  MS  standards,  e.g.  [2].  Several 
systems  could  be  installed  in  the  same  LV  network  and 
should  not  of  course  influence  one  another.  Different 
methods  can  be  used  for  this  purpose: 

a)  separation  by  frequency  bands.  That  is  the  method 
used  to  separate  Utilities  Systems  from  private 
systems, 

b)  allocate  different  frequencies  to  different  systems, 

c)  install  filters  to  prevent  the  signal  propagation 
(CENELEC  SC  205A  prepares  relevant  standards), 

d)  make  use  of  an  acces  or  signal  protocol;  such  a 
signal  is  sent  by  the  first  emitter  to  operate  and  is 
received  by  the  “slave”  emitters  so  that  further 
emissions  are  avoided.  In  the  EU  this  procedure  is 
specified  for  the  private  systems  in  the  sub-band 
125  to  140  kHz  [2], 

The  access  control  consists  of  an  impulse  of  4  ms 
at  a  frequency  of  132  ±  0,5  kHz  and  80  dB|iv/10 


9.  EQUIPMENT  IMMUNITY 

IEC  has  not  (yet)  developed  specific  standards 
concerning  the  EM  immunity  of  MS  equipments  for  low 
voltage  but  the  general  specifications  of  the  IEC  6100- 
4-x  [1 1]  and  6100-6-x  [12]  may  be  applied. 

In  the  EU  countries,  in  principle  and  as  far  as  relevant, 
MS  equipment  should  comply  with  the  EMC  directive 
and  CENELEC  is  preparing  relevant  standards  [2  to  5]. 
With  regard  to  the  immunity  standard,  there  is  to  note: 

•  requirements  for  private  systems  are  based  on  the 
classical  generic  standards  for 
residential/commercial  environments  or  “normal” 
industrial  environments  [12] 

•  requirements  for  utility  systems  are  based  on  the 
generic  standards  for  industrial  environments,  but 
with  some  more  severe  test  values,  in  particular  for 
the  magnetic  field  tests  and  the  electrostatic 
discharge  test. 


10.  FINAL  REMARKS 

Mains  Signalling  Systems  are  an  interesting  example  of 
how  far  a  complex  electronic  system,  a  comprehensive 
approach  of  all  EMC  features  is  necessary:  frequency, 
signal  level,  functional  immunity,  limitation  of  emitted 
disturbances,  co-ordination  of  several  systems, 
apparatus  immunity, ...  Relevant  standards  are 
available  or  being  prepared  in  IEC  and  CENELEC.  Not 
dealt  with  in  this  paper,  and  not  clear,  is  the  question 
how  these  technical  features  interact  with  the  economic 
ones. 
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ANNEX  A:  STANDARDIZATION  ORGANIZATIONS 

At  international  level,  the  following  bodies  deal  with 
EMC  standardization  in  the  field  of  Mains  Signalling. 

IEC  SC  77B  =  Basic  standards  concerning  frequency 
bands,  signal  levels,  etc . 

CISPR  B  =  Limitation  of  radio  frequency  disturbances 

IEC  TC  57  =  Distribution  automation  using  distribution 
line  earner  systems 

CENELEC  SC  205A  =  Mains  communication  systems 


ANNEX  B:  MAINS  SIGNALLING  SYSTEMS  - 
EXAMPLES  OF  SIGNAL  CHARACTERISTICS 

Example:  Modulation  method  -  Frequency(ies)  -  speed 
Emission  levels  -»  Receiver  level 

SYSTEMS  FOR  UTILITIES 

System  A:  S-SFK  -  47/62  kHz  -  600  Bd 

1  Vrms  1  roVrms 

System  B:  FSK  -  82  ±  0,3  kHz  -  600  Bd 

2  Vrms  ->  3  mVmns 

SYSTEMS  FOR  PRIVATE  USERS 

System  X:  S-SFK  -  1 05,6/1 15,2  kHz  -  up  1200  Bd 
Vrms  1  mVrms 

System  Y:  ASK  -  97  kHz  -  300  Bd 
0.8  Vrms  ->  2  nriVj-rns 
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Due  to  the  expanding  application  of  energy-saving  loads 
such  as  radio  and  TV  equipment,  lighting  sources, 
computers,  etc.  the  power  of  nonlinear  loads  in  electrical 
installations  is  continuously  growing.  In  1997  this 
phenomenon  was  further  enhanced  by  a  very  intense 
promotional  campaign  for  energy-saving  compact 
fluorescent  lamps  (CFLs)  in  three  cities  of  Poland  (part  of 
the  PELP/DSM  program).  Measurements  of  a  wide  range 
of  electrical  power  parameters  were  carried  out  before 
and  after  the  promotional  sale  of  the  CFLs  in  all  the  three 
cities.  The  results  of  these  measurements  demonstrated 
that  despite  the  significant  numbers  of  CFLs  installed,  the 
level  of  voltage  distortions  in  the  supply  network  did  not 
increase  significantly. 

1.  INTRODUCTION 

The  main  goal  of  the  currently  implemented  DSM 
programs  is  to  improve  the  efficiency  of  energy  utilization 
in  commonly  used  loads  at  the  same  (or  even  enhanced) 
level  of  user’s  convenience.  The  most  frequently 
implemented  contemporary  DSM  programs  in  various 
countries  focus  on: 

•  promotion  of  energy-  and  material-efficient  drives  and 
electrical  motors 

•  promotion  of  energy-efficient  lighting  systems.  The 
potential  energy  gain  can  reach  very  significant  values. 
For  example  in  1995  there  were  10,418,000  registered 
households  in  Poland  consuming  18.1  TWh  of 
electrical  power.  There  is  significant  potential  for  a 
reduction  in  energy  consumption.  It  is  estimated  that 
electrical  lighting  accounts  for  about  55%  of  energy 
consumption  in  residential  space  (9.94  TWh)  [6.4], 

The  above  mentioned  data  were,  among  others,  the  basis 
for  a  decision  made  in  1997  on  the  creation  of  the  Polish 
Efficiency  Lighting  Project  (PELP/DSM).  The  objective 
of  this  program  was  to  promote  energy-efficient  lighting 
sources  -  the  compact  fluorescent  lamps  (CFLs). 

The  key  advantages  of  CFL  units  are  a  nearly  75% 
reduction  in  electrical  power  consumption  at  equivalent 
lighting  rates  (as  compared  to  conventional  incandescent 
lighting  sources)  and  an  eight  to  ten  fold  extension  of 
operating  life.  As  in  many  other  cases,  CFLs  have  some 
disadvantages,  which  are  the  price  to  pay  for  the 
improvement  of  energy  efficiency.  These  disadvantages 


are  the  sensitivity  of  the  devices  to  supply  voltage 
disturbance  and  the  fact  that  CFLs  themselves  generate 
distortions  into  supply  network.  The  PELP/DSM  program 
team  considered  these  issues  as  an  integral  part  of  the 
program.  Numerous  studies  and  measurements  carried  out 
by  the  team  members  aimed  at  answering  the  question  on 
the  extent  of  harmful  effects  of  the  new  energy-efficient 
lighting  systems  (CFL)  offered  by  the  PELP/DSM 
program. 

The  power  sector  should  perceive  this  problem  as  an 
important  element  of  the  DSM  program  and  take  the 
eventual  costs  related  with  the  reduction  of  these  harmful 
effects  into  account  in  the  global  economic  assessment  of 
power  distribution  management. 

After  a  detailed  analysis  of  all  the  aspects  (technical, 
economic,  sociological,  etc.)  three  cities  were  selected  for 
a  trial  implementation  of  the  program:  Chefrnno,  Elk  and 
Zywiec.  The  objective  of  the  first  phase  of  the  PELP/DSM 
project  was  to  reach,  in  a  relatively  short  period  of  time,  a 
saturation”  of  households  and  some  public  buildings 
(such  as  schools)  with  energy-efficient  CFLs.  For  the 
needs  of  the  experiment,  the  prices  of  CFL  units  in  these 
three  cities  have  been  significantly  reduced  (subsidized) 
and  the  sales  were  based  on  namely  coupons.  During  the 
first  few  weeks  almost  20,000  CFLs  were  sold  in  the  three 
cities.  Thanks  to  the  efficient  marketing  campaign  the 
program  reached  a  very  high  degree  of  saturation, 
measured  by  the  number  of  CFL  units  per  statistical 
household  (family  houses  in  the  urban  area).  The 
saturation  degrees  were  5.34  in  Chelmno,  3.67  in  Elk  and 
9.0  in  Zywiec.  Such  a  situation  contributed  to  a  very 
advantageous  environment  for  energy  quality  measu¬ 
rements.  The  intense  sales  of  CFLs  were  initiated  at 
precisely  determined  dates.  To  assess  the  impacts  of  CFLs 
on  power  supply  conditions  the  situation  before  the  sales 
program  and  after  installation  of  the  energy-efficient  units 
were  compared. 

2.  ENERGY-EFFICIENT  CFL  UNITS 

There  are  two  main  types  of  CFL  units,  differing  by  the 
design  of  the  starter  circuit:  magnetic  and  electronic 
ballast  CFLs.  The  CFLs  have  numerous  obvious 
advantages  but  also  some  disadvantages: 
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Fig.  1  Examples  of  relations  between  the  power  factor  of  CFL  units  and  the  supply  voltage 
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Fig.  2  Time  waveforms  of  the  start-up  current  of  two  selected  types  of  CFLs  (magnetic  and  electronic  start-up  circuits) 


•  low  value  of  the  power  factor 

•  unfavorable  course  of  the  start-up  process 

•  flicker  phenomena 

•  generation  of  current  higher  harmonics  (hh). 

2. 1  Power  factor  (PF) 

The  average  PF  value  for  the  CFL  units  with  magnetic 
ballast  (SL)  is  about  0.4  to  0.5  versus  0.55  to  0.65  in 
CFLs  with  electronic  starters  (PL).  The  low  value  of  this 
factor  mainly  results  from  current  distortions.  It  should 
not  be  forgotten  that  there  is  a  difference  between  the 
power  factor  and  the  coefficient  of  displacement  between 
the  basic  voltage  and  current  harmonics  (displacement 
power  factor  -  DPF).  The  DPF  value  is  significantly 
higher  for  both  types  of  CFLs  (Table  1). 

Figure  1  shows  examples  of  the  relations  between  the 
power  factors  of  selected  CFL  units  and  the  value  of  the 
supply  voltage.  It  is  clearly  discernible  that  the  values  of 
this  factor  are  significantly  higher  in  the  case  of  magnetic 
ballast  CFLs  (due  to  lower  current  distortions). 

2.2  Starting-up  of  the  CFL  units 

Due  to  the  specific  design  of  the  starter  circuit,  the 
process  of  switching-on  a  CFL  unit  may  become  a  source 
of  distortions  in  the  supply  network  and  cause  discomfort 
to  the  users.  Figure  2  shows  examples  of  CFL  start-up 
currents  waveform  plots.  There  is  a  discernible  very  short 
(ms)  current  overload,  with  a  peak  value  20  times  higher 
than  the  nominal  current  level.  There  are  two  discernible 


phases  in  magnetic  ballast  CFL  start-up  current 
waveforms.  During  the  first  phase,  the  current  reaches 
about  50%  of  the  nominal  value  and  during  the  second 
phase  it  increases  up  to  the  nominal  value. 

In  the  case  of  CFL  units  with  electronic  start-up  circuits 
these  phases  are  not  discernible.  The  negative  effects  are 
particularly  dramatic  in  the  situation  when  many  CFLs 
are  turned  on  simultaneously  (i.e.  in  public  buildings, 
offices,  schools,  etc.).  There  is  a  real  threat  of  contact 
welding  in  installation  switches  when  the  contactor's 
Joule  integer  is  not  adapted  to  the  thermal  effect 
accompanying  connection. 

2.3  Flicker  phenomena 

Fluorescent  light  sources  have  a  significantly  lower 
thermal  time  constant  (as  compared  to  conventional 
incandescent  light  sources).  Thus  they  are  much  faster  in 
reacting  to  any  change  in  the  supply  conditions  (i.e. 
change  in  the  shape  of  the  supply  voltage).  The 
measurements  performed  demonstrated,  that  the  time 
constant  of  a  60W/220V  incadescent  bulb  was  approx. 
18.6  ms  whereas  the  same  parameter  for  a  fluorescent 
lamp  was  about  four  times  shorter.  Laboratory  tests 
showed  that  CFL  units  with  electronic  start-up  circuits 
are  much  better  in  terms  of  sensitivity  to  voltage 
variations  and  generation  of  flicker.  For  a  voltage 
variation  frequency  below  25  Hz  CFLs  cause  less  flicker 
than  incandescent  light  sources  (this  relation  is  strongly 
dependent  on  the  type  of  the  CFL,  manufacturer  and  even 
the  individual  specimen  of  the  product).  This  situation 
changes  when  the  frequency  increases. 
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Fig.  3  Waveform  and  spectrum  of  the  current  in  a)  magnetic  CFL  unit,  and  b)  PLC23  electronic  CFL  unit  (current  scaled 

200:1) ;  F  -  basic  harmonic,  T-THD[ 


2.4  Higher  order  current  harmonics 

The  introduction  of  electronic  ballast  circuits  allowed 
energy  saving  but  simultaneously  caused  an  expansion  of 
the  waveband  of  distortions  (due  to  the  application  of  a 
20-25  kHz  converter  in  the  electronic  circuit).  According 
to  [6.9]  the  promotion  of  energy-efficient  light  sources  in 
the  USA  lead  to  several  cases  of  problems  with 
electromagnetic  compatibility.  There  were  a  few  cases  of 
interference  with  the  operation  of  nearby  electrical 
equipment  and  devices  due  to  conduction  and  radiation 
interference  of  CFLs  (disturbed  operation  of  clocks,  noise 
in  Walkman  headphones,  malfunctioning  of  wireless 
phones,  interference  of  CFL’s  infrared  radiation  with 
household  remote  control  devices. 

2.5  Influence  of  the  electromagnetic  environment  on  the 
operation  of  CFL  units 

The  major  part  of  CFL-related  publications  known  by 
the  authors  address  the  issue  of  their  harmful  effects  in 
supply  networks  and  interference  with  the  operation  of 
nearby  loads.  The  problem  of  the  influence  of  operating 
environment  on  the  functioning  of  the  CFL  units  is  very 
seldom  addressed.  Some  rare  exceptions  to  be  mentioned 
are  papers  [6.1  and  6.6], The  laboratory  tests  performed 


(on  a  limited  pool  of  CFL  units  of  both  magnetic  and 
electronic  ballast  type)  demonstrated  that  in  both  types  of 
CFL  units  an  increase  in  voltage  distortion  („flattening” 
of  the  voltage  sinusoid  near  the  peaks)  had  a  positive 
influence  on  the  CFL  current  spectrum  and  the  THD 
value.  In  current  waveforms  this  process  was  illustrated 
by  longer  current  flow  times  during  subsequent  half¬ 
periods  of  the  supply  voltage.  It  was  found  that  the  extent 
of  this  influence  varies  depending  of  the  manufacturer, 
power  rating  and  individual  specimen  of  the  CFL. 

2.6  Lower  order  current  harmonics 

Figure  3  shows  examples  of  waveforms  and  plots  of 
spectrum  analyses  of  currents  supplying  magnetic  CFL 
units  (Figure  3a)  and  electronic  CFLs  (Figure  3b).  The 
spectrum  remains  broad  in  both  cases  (more  particularly 
in  the  case  of  electronic  CFLs).  It  can  be  assumed  that  in 
such  cases  the  analysis  should  take  into  account  nearly  29 
harmonics.  Odd  harmonics  are  dominant  (third,  fifth, 
seventh  and  ninth).  The  spectrum  of  CFL  current  varies 
depending  on  the  manufacturer,  power  rating  and  type  of 
ballast  circuit.  In  the  case  of  magnetic  CFL  a  typical 
value  of  the  THD  coefficient  is  appro;:.  20%  and  in  the 
case  of  electronic  units  the  THD  value  exceeds  100%. 
Phase  shifts  between  harmonic  currents  marks  of  various 
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CFL  units  indicate  that  they  sum  up  geometrically  (not 
arithmetically).  It  was  found  that  an  increase  in  CFL’s 
power  rating  causes  an  increasing  variability  of  current 
shapes,  values  of  particular  harmonics  and  their  phase 
angles,  leading  to  a  diversification  of  the  THD  values. 

3.  PARALLEL  OPERATION  OF  CFLS  AND 
OTHER  ELECTRICAL  DEVICES 

Figures  3b  and  4  show  the  harmonic  spectrum  of 
example  single-phase  low-power  nonlinear  loads  most 
frequently  installed  by  individual  users  (personal 
computer  and  CFL  unit).  The  level  of  hh  in  the  220  V 


supply  voltage  did  not  exceed  THDL«3.5%  during  the 
test.  Figure  5  shows  the  corresponding  waveforms  plotted 
during  simultaneous  operation  of  the  above  mentioned 
receivers  (also  see  Table  1). 

It  is  worth  noticing  that  simultaneous  operation  of 
different  types  of  loads,  due  to  different  phase  shifts  of 
current  hh,  causes  a  spontaneous  reduction  of  certain 
harmonics  in  the  resultant  current  spectrum. 

From  the  standpoint  of  a  low  voltage  supply  network, 
so-called  ..triple  harmonics”  are  particularly  significant. 
These  are  harmonics  of  orders  being  integral  multiples  of 
three.  They  form  a  zero-order  symmetrical  component, 
thus  increasing  the  loading  of  the  neutral  wire  (PEN). 
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Fig.  4  Waveforms  of  the  voltage  and  current  (current  scaled  100:1)  and  the  spectrum  of  current  harmonics  for  the  personal 
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Fig.  5  Current  (xlOO)  and  voltage  waveforms  and  spectrum  of  the  harmonics  with  PC  (Fig.  4)  and  PLC23  (Fig.  3b)) 

operating  simultaneously 


Type  of  load 

Irms 

A 

P 

W 

Q 

VAr 

PF 

DPF 

Angles  [°el]  of  n-th  current  harmonics  to 
fundamental 

n  =  3  5  7  9  11 

THDI 

% 

PC 

0.44 

56.5 

11.1 

0.57 

0.98 

-153 

59 

i 

OO 

142 

26 

134.6 

PLC  23 

0.17 

19.9 

8.8 

0.51 

0.91 

-125 

120 

16 

-91 

158 

148.8 

PC+PLC23 

0.54 

77.4 

19.6 

0.64 

0.97 

-147 

71 

-67 
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P  -  active  power  (basic  harmonic) 


Table  2.  Selected  results  of  measurements  of  the  influence  of  nonsymmetrical  and  quasisymmetrical  power  loads  on  three- 
_ phase  networks  with  phase  nonlinear  loads  ( PC+PLC23+PLC20)  _ 


Type  load 

!L1 

lL2 

*L3 

■pen 

THDi  [%] 

Harmonic  ratio  HR%  in  vires  Ll/PEN 

A 

A 

A 

A 

Ll 

L2 

L3 

PEN 

n=3 

5 

7 

9 

Nonsymmetrical 

0,63 

0,78 

0,94 

98 

90 

172 

80 

49 

20 

4 

153 

67 

14 

19 

Quasi- 

0,61 

0,72 

0,68 

1,16 

94 

87 

83 

940 

78 

46 

16 

4 

symmmetrical 

894 

167 

125 

131 

131 


Table  2  shows  example  results  of  measurements 
performed  on  selected  lines  of  a  three-phase  four-wire 
supply  network  after  connection  of  a  symmetrical  power 
load  or  an  asymmetrical  connection  of  the  same  set  of 
nonlinear  loads. 

In  this  case,  a  two-phase  asymmetrical  load  increases 
the  rms  value  of  the  current  in  the  neutral  wire  by  approx. 
50%  (as  compared  to  the  phase  wires).  The  level  of 
harmonics  in  the  PEN  wire  is  two  times  higher  than  in 
any  of  the  phase  wires.  It  is  obvious  that  in  this  case, 
currents  of  the  third  and  ninth  harmonics  (as  well  as  of 
the  other  harmonics  of  zero  order)  add  up  in  the  neutral 
line. 

In  the  situation  of  a  practically  symmetrical  loading  of 
the  network  with  nonlinear  loads,  according  to  Table  2, 
the  rms  value  of  the  current  in  the  neutral  wire  is  higher 
than  in  any  of  the  phase  wires  (a  difference  reaching  as 
much  as  70%).  Also  the  higher  harmonics  of  zero  order 
are  more  discernible  than  in  the  case  of  nonsymmetrical 
load  (this  particularly  applies  to  the  third  harmonic).  The 
higher  harmonic  content  coefficient  in  the  PEN  wire  is 
close  to  1000%!  In  the  case  of  a  symmetrical  power 
loading  of  a  three-phase  network  the  neutral  wire  is 
exposed  to  the  presence  of  all  the  current  harmonics, 
therefore  the  rms  current  value  in  this  wire  is  higher  than 
in  the  case  of  nonsymmetrical  loads.  This  last  observation 
may  become  useful  in  future  assessment  of  potential 
malfunctioning  of  differential-current  switches  commonly 
applied  in  electrical  shock  prevention  systems  for  low- 
voltage  installations. 

4.  HIGHER  HARMONICS  OF  LOWER  ORDERS 
IN  SUPPLY  NETWORKS 

There  is  a  very  large  number  of  publications  addressing 
the  issue  of  CFL  impacts  on  energy  quality,  particularly 
focusing  on  voltage  distortions  in  distribution  networks. 
The  information  provided  in  these  publications  certainly 
does  not  reflect  the  complete  knowledge  in  this  field.  In 
many  cases  data  are  contradictory  and  do  not  allow  any 
synthesis  or  conclusion  to  be  drawn.  Most  of  the 
publications  are  rather  focused  on  the  potential  for 
distortions  and  not  on  real  cases  of  such  threats. 

Maybe  this  results  from  a  low  saturation  of  this  type  of 
loads  in  the  networks  analyzed  by  the  authors.  In  most 
cases  these  publications  refer  to  American  power  supply 
networks,  and  the  main  research  method  applied  is 
simulation  and  static  modeling.  The  results  obtained  are, 
according  to  the  authors  of  [6.2.]  „unrealistically  high”  in 
terms  of  harmonic  contents. 

Figure  6  shows  examples  of  typical  waveforms  of  the 
selected  harmonics  in  a  power  line  supplying  a  residential 
building  (75  flats  in  Chelmno).  The  changes  in  the  value 
of  the  third  harmonic  (dominating  the  analyzed  spectrum) 
can  be  considered  as  a  basis  to  conclude  on  the  extent  of 
nonlinear  load  saturation  (and  thus  on  the  saturation  with 
CFL  units).  There  is  a  very  well  discernible  increase  in 
the  value  of  „triple”  harmonics,  resulting  from  the 
application  of  CFLs  but  also  other  electronic  devices 
used  in  household  conditions.  The  current  and  voltage 
waveforms  were  recorded  over  several  days  of  the 
experiment.  By  comparing  the  measurement  results 
obtained  before  and  after  intense  promotion  of  the  CFLs 


it  was  found  that  the  increase  in  third  harmonic  levels 
reached  a  maximum  of  a  dozen  percent  (in  all  measured 
cases).  No  significant  increase  in  THD  value  was 
observed.  The  graphs  presented  on  Fig.  6  are  typical  for 
the  analyzed  types  of  electrical  loads  and  indicate: 

•  a  load  asymmetry  between  particular  phases  of  the 
supply  system 

•  a  high  value  of  THD  coefficient  in  the  neutral  wire 

•  a  significant  (but  „safe”  in  terms  of  permissible  load 
levels)  content  of  the  „triple”  harmonics,  most 
particularly  third  harmonic  in  the  neutral  wire  (PEN). 
The  value  of  this  harmonic  varies  along  with  the 
changes  in  daily  load. 

5.  CONCLUSIONS 

The  amount  of  nonlinear  loads  (including  CFLs) 
installed  and  operated  in  public  buildings  in  Poland  is 
rather  small  and  linear  loads  account  for  a  very 
significant  part  of  the  supplied  power.  Therefore  the 
probability  of  supply  voltage  distortion  in  power 
distribution  systems  of  public  and  residential  buildings  is 
yet  rather  low. 
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Abstract 

Energized  components  of  power  stations  are  basic 
sources  for  the  radiation  of  low  frequency  magnetic 
fields.  Measurements  of  the  field  strengths  in  the 
close  vicinity  of  generators,  transformers, 
converters  and  the  generator  leads  in  combined 
cycle  gas  turbine  power  stations  are  described. 
The  measurements  were  performed  for  both  the 
situation  of  steady-state  power  station  operation 
and  for  the  process  of  starting  the  generator  during 
which  time  period  some  energized  components  are 
working  wholly  or  in  part  beyond  their  nominal 
rates.  An  overview  of  typical  magnetic  flux  density 
levels  which  have  to  be  taken  into  account  in  the 
power  station  environment  is  presented.  The 
measured  levels  are  evaluated  and  compared  with 
limits  regarding  the  personnel  safety.  They  can 
also  be  used  as  a  basis  to  determine  the  required 
susceptibility  of  electrical  apparatus  against  low 
frequency  magnetic  fields  which  are  to  be  installed 
close  to  energized  components. 
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1.  INTRODUCTION 

1.1  Experience  in  the  area  of  low  frequency 
magnetic  fields 

The  occurence  of  low  frequency  magnetic  fields 
with  significant  levels  is  closely  connected  with  the 
operation  of  energized  components  like 
transmission  power  lines,  electric  power 
substations  or  power  stations.  The  electromagnetic 
fields  generated  by  them  are  of  great  interest  to  the 
electric  utility  industry  not  only  because  of  recent 
public  concerns  regarding  perceived  health  affects 
caused  by  magnetic  fields  but  also  because  of  the 
increasing  need  to  identify  steady-state  and 


transient  field  levels  to  which  sensitive  electronic 
equipment  may  be  exposed. 

There  are  several  papers  dealing  with  field 
investigations  of  electric  power  substations  [1,  2] 
and  transmission  lines  [3],  in  which  results  of 
measurements  and  calculations  of  magnetic  fields 
are  described.  But  there  are  only  few  data 
available  dealing  with  the  situation  in  power 
stations. 

1 .2  Energized  components  of  power  stations 

Power  stations  typically  have  several  components 
in  which  the  electrical  energy  is  produced, 
transmitted  and  distributed.  Since  there  are  current 
densities  up  to  several  ten  kA  in  these  components 
they  are  producing  low  frequency  magnetic  fields  in 
addition  to  their  intrinsic  function.  Particularly  in  the 
close  vicinity  of  energized  components  like  the 
generator,  magnetic  field  strengths  of  relatively 
high  levels  are  expected  to  occur.  Thus,  basically 
sensitive  equipment  which  may  be  installed  in  the 
vicinity  may  be  influenced.  In  addition,  the  field 
strength  levels  could  act  as  a  source  of  influencing 
or  endangering  personnel  particularly  people 
wearing  sensitive  equipment  such  as  pacemakers. 
This  might  be  relativized  by  the  fact  that  this  kind  of 
environment  is  normally  not  accessible  to  the 
public.  But  nevertheless  the  situation  for  workers  or 
occasional  visitors  should  be  clarified.  Therefore, 
knowledge  of  typical  field  strengths  in  this 
environment  is  becoming  more  and  more 
important. 

Figure  1  shows  a  section  of  an  example  of  a  power 
station  layout  consisting  of  several  combined  cycle 
gas  turbine  modules  each  with  an  electrical  power 
of  225  MW.  Power  stations  of  this  type  and  a 
module  size  of  about  200  to  400  MW  are  becoming 
more  and  more  wide-spread  on  one  hand  due  to 
the  increasing  substitute  for  old  coal  plants,  and  on 
the  other  hand  due  to  their  special  technical 
features  of  high  reliability  and  of  an  excellent 
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efficiency  which  finally  resulting  in  low  fuel 
consumption  [4], 

The  relevant  energized  power  station  components 
leading  to  significant  low  frequency  magnetic  field 
strengths  are  assumed  to  be  the  components 
carrying  high  current  densities  such  as  generators, 
transformers  or  converters.  Some  of  them  are  in 
operation  only  during  a  short  period  when  starting 
the  generator  but  in  which  the  components  are 
working  about  several  ten  percents  beyond  their 
nominal  rates. 


Fig.  1:  Schematic  layout  of  a  combined  cycle  gas 
turbine  power  station  with  the  measurement  points 
MP  (Section) 


1 .3  Purpose  of  Investigation 

The  main  intention  of  these  investigations  was  to 
get  an  impression  of  typical  magnetic  field 
strengths  at  low  frequencies  in  the  power  station 
environment.  Obtaining  data  by  numerical 
simulations,  however,  will  require  detailed 
modelling  of  the  energized  components  as  well  as 
of  the  metallic  structures  of  the  station  in  order  to 
include  induced  current  effects.  Such  simulations 
would  be  very  extensive  and  complicated. 
Therefore  the  measurement  method  was  preferred. 

Naturally  these  measurements  cannot  give  an 
entire  description  of  the  field  strength  distribution 
all  over  the  power  station  due  to  technical  and 
logistical  restrictions.  Therefore,  the  measurements 
were  concentrated  to  particular  measurement 
points. 


2.  MEASUREMENTS 

2.1  Measurement  Setup 

The  measurements  were  carried  out  at  several 
combined  cycle  gas  turbine  modules  of  two  power 
stations  located  at  Didcot,  with  an  electrical  power 
of  225  MW  per  module,  designated  in  the  following 


as  type  1,  and  at  King's  Lynn  with  an  electrical 
power  of  347  MW,  designated  as  type  2.  Both  are 
situated  in  Great  Britain.  The  measurements  took 
place  during  the  commissioning  period  since  there 
was  the  possibility  of  several  generator  starting 
processes. 

The  magnetic  field  strengths  were  measured  with 
an  arrangement  of  several  field  probes  each 
consisting  of  a  set  of  three  orthogonally  oriented 
field  coils  which  are  constructed  of  318  turns  with 
an  effective  area  of  100  cm2  per  turn  [5],  The  time 
dependent  signals  from  each  coil  of  a  total  of  five 
probes,  e.g.  15  coils,  were  recorded  using  a  digital 
audio  tape  recorder  (DAT-Recorder  TEAC  RX 
8016)  with  16  input  channels. 

The  setup  is  schematically  shown  in  Fig.  2.  It 
allows  the  field  strength  at  different  test  points  for 
every  field  orientation  at  the  same  time  and  also 
the  behaviour  of  the  field  strengths  over  a  defined 
time  period  to  be  measured  and  recorded.  This 
was  useful  in  the  case  of  obtaining  data  during  the 
start-up  of  the  generator  where  the  field  strengths 
show  a  strong  time  dependent  behaviour  and 
where  due  to  the  converter  operation  a  relatively 
broad  frequency  band  of  radiated  magnetic  fields  is 
produced.  The  frequency  range  under  investigation 
reached  from  several  Hz  to  several  kHz.  The 
recorded  signals  were  evaluated  using  a  spectrum 
analyzer  as  well  as  by  means  of  Fourier  analysis  of 
the  original  time  data.  Using  the  frequency 
dependent  correction  factors  for  the  receiving  coils, 
the  frequency  spectra  of  the  magnetic  field 
strengths  at  different  moments  in  time,  different 
measurement  points  and  for  different  operation 
modes  could  be  obtained. 


Measurement 


Fig.  2:  Schematic  Measurement  Setup 
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2.2  Measurement  Points 

Suitable  measurement  points  were  chosen 
according  to  two  criteria:  what  are  the  energy 
components  producing  the  highest  field  strengths 
and  where  are  critical  points  in  the  vicinity  of  these 
components?  These  points  were  derived  during 
extensive  preliminary  investigations  and  the  field 
strengths  at  these  points  were  then  recorded  in 
detail.  They  are  listed  below  where  their 
designation  used  in  the  following  is  added  in 
brackets: 

•  the  generator  and  its  slipring  (MP  1 ), 

•  the  coupling  of  the  generator  leads  to  the 
generator  (MP  2), 

•  the  coupling  of  the  generator  leads  to  the  leads 
of  the  starting  converter  via  a  breaker  (MP  3), 

•  the  generator  lead  breaker  (MP  4), 

•  the  transformer  for  the  excitation  converter  (MP 
5)  and 

•  the  transformer  for  the  starting  converter  (MP  6). 

Typical  measurement  distances  to  the  surface  of 
these  components  are  about  20  cm.  There  is, 
indeed,  a  strong  increase  of  the  field  strengths  at 
smaller  distances  but  they  finally  do  not  represent 
realistic  distances  for  installations  or  longer  stays 
of  personnel.  Only  measurement  points  were 
considered  which  might  be  possible  locations  for 
electrical  apparatus  and  which  might  be  spatially 
accessible  to  personnel. 


3.  RESULTS 

3.1  Field  Strengths  at  Steady-State  Operation 

The  field  strength  measurements  during  the  gas 
turbine  and  the  generator  steady-state  operation 
could  not  be  performed  in  any  cases  at  the 
specified  nominal  power.  However,  measurements 
at  several  points  for  different  power  ratings  showed 
that  there  is  a  linear  correlation  between  the 
generator  power  rate  and  the  detected  field 
strength.  This  is  due  to  the  linear  increase  of 
current  densities  in  the  energized  components  and 
therefore  of  the  magnetic  field  strengths  with 
increasing  power,  because  the  voltage  terms  are 
primarily  not  affected  by  power  rate  changes.  An 
extrapolation  of  the  measured  field  strengths  to 
ones  at  nominal  power  is  therefore  justified  and 
allows  the  comparison  of  the  results  at  different 
measurement  points. 

Fig.  3  shows  the  spectrum  of  the  magnetic  flux 
density  in  the  range  of  the  generator  near  the 
coupling  of  the  generator  leads  (MP  2).  The  results 
are  for  a  power  rating  of  49  %  of  the  nominal 
power.  The  magnetic  flux  density  with  the 


significant  highest  level  of  about  50  999  occurs  at 
the  fundamental  power  frequency  of  50  Hz.  There 
is  a  very  strong  decay  of  the  flux  density  with 
increasing  frequency.  The  identifiable  but  relatively 
small  amplitudes  at  harmonics  of  300  Hz  may  be 
attributed  to  the  converter  which  supplies  the 
generator  exciter. 


Magnetic  Flux  Density  [pT] 
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Fig.  3:  Measured  magnetic  flux  density  versus 
frequency  near  the  generator  at  the  measurement 
point  MP  2  (Power  Station  Type  2) 


Magnetic  Flux  Density  [|iT] 


Fig.  4:  Measured  magnetic  flux  density  versus 
frequency  near  the  generator  lead  breaker  at  the 
measurement  point  MP  4  (Power  Station  Type  2) 

A  typical  spectrum  of  the  magnetic  flux  density 
near  the  generator  lead  breaker  is  shown  in  Fig.  4. 
The  results  are  for  a  power  rating  of  59  %  of  the 
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nominal  electrical  power.  A  current  of  about  6700  A 
is  flowing  through  the  breaker.  Flux  density  levels 
in  the  magnitude  of  order  of  100  pT  at  the  power 
frequency  of  50  Hz  occur.  Levels  with  significant 
lower  amplitudes  could  also  be  detected  at 
harmonics  of  the  power  frequency  where 
amplitudes  at  odd  harmonics  dominate. 

The  maximum  flux  densities  measured  in  the  range 
of  the  different  energized  components  and 
extrapolated  to  the  nominal  power  of  each  of  the 
modules  are  listed  in  Table  1.  As  can  be  seen,  flux 
density  levels  up  to  700  pT  have  to  be  taken  into 
account  in  the  power  station  environment  during 
steady-state  operation.  The  significant  differences 
between  the  different  types  of  power  stations  are 
due  to  the  different  layouts  and  arrangements  of 
the  stations  as  well  as  due  to  the  different  possible 
access  of  personnel  to  energized  components.  So 
far  these  levels  should  be  taken  for  representative 
ones. 

Table  1:  Magnetic  flux  density  levels  near 
energized  components  during  steady-state 
generator  operation 


Measurement 

Power  Station 

Power  Station 

Point 

Type  1 

Type  2 

MP  1,  MP  2 

61  pT 

151  pT 

MP4 

41  pT 

698  pT 

MP  5,  MP  6 

14  pT 

137  pT 

3.2  Field  Strengths  during  Generator  Start-ups 

Energized  components  of  special  concern  in  the 
case  of  generator  starts  are  the  generator  starting 
converter,  its  supplying  transformer  and  the 
coupling  of  the  converter  output  leads  to  the 
generator  leads  via  a  breaker  which  is  opened  after 
the  starting  process  of  several  minutes.  For  further 
information  the  field  strengths  at  the  previous 
measurement  points  were  also  investigated  but 
they  do  not  show  levels  higher  than  during  the 
steady-state  operation  mode. 

Fig.  5  shows  the  spectrum  of  the  magnetic  flux 
density  measured  near  the  breaker  between  the 
starting  converter  output  leads  and  the  generator 
leads  (MP  3).  This  spectrum  represents  all  the 
maximum  frequency  dependent  density  levels 
occuring  during  the  starting  process  which  levels 
however  are  not  all  present  at  the  same  time.  The 
spectrum  corresponds  in  principle  to  the  display  of 
a  spectrum  analyzer  which  continuously  records 
and  saves  the  input  signal  during  the  starting 
process  in  the  peak-hold  detection  mode.  Now  in 
contrast  to  the  previous  spectra  shown  in  Figs.  3 
and  4,  it  is  a  quasi  continuous  spectrum  with  no 
discrete  spectral  lines.  This  is  due  to  the  fact  that 
during  generator  starting  current  frequencies 


increasing  from  several  Hz  up  to  50  Hz  as  well  as 
their  respective  harmonics  are  produced  at  the 
converter  output.  Thus,  finally  there  are  in  principle 
discrete  flux  density  spectra  for  short  moments  but 
they  have  continuously  varying  spectral  lines.  Only 
adding  these  spectra  leads  to  a  quasi-continuous 
one  which  finally  represents  the  flux  density 
conditions  from  a  worst  case  point  of  view,  i.e. 
what  maximum  flux  density  levels  must  be 
expected  in  the  entire  frequency  range  up  to  1  kHz 
during  the  generator  starting  process. 

Magnetic  Flux  Density  [nT] 
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Fig.  5:  Measured  magnetic  flux  density  versus 
frequency  near  the  breaker  between  the  generator 
leads  and  the  starting  converter  at  the 
measurement  point  MP  3  (Power  Station  Type  1) 
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Frequency  [Hz] 


Fig.  6:  Measured  magnetic  flux  density  versus 
frequency  near  the  converter  for  the  generator  start 
at  the  measurement  point  MP  6  (Power  Station 
Type  2) 
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A  modified  situation  could  be  detected  on  the 
starting  converter  input  side.  The  flux  density 
spectrum  near  the  converter  is  shown  in  Fig.  6  and 
is  recorded  in  the  same  way  as  the  previous  one.  It 
does  not  have  such  a  continuous  form  as  that  from 
Fig.  5. 

The  rectifier  at  the  converter  input  which  is 
connected  to  a  three  phase  system  predominantly 
shows  the  typical  behaviour  with  harmonics  at  the 
5th  and  7th,  11th  and  13th  etc.  of  the  power 
frequency^  Only  some  peaks  occur  at  normally 
nontypical  frequencies  of  100  Hz,  150  Hz  and  200 
Hz.  They  might  be  due  to  the  unbalanced  load 
conditions  during  the  starting  process. 

4.  CONCLUSIONS 

When  evaluating  the  results  from  a  human  risk 
point  of  view  the  fact  that  several  standards  exist 
which  give  limits  for  human  exposure  in  low 
frequency  magnetic  fields  must  be  considered. 
These  standards  state  limits  for  the  public  as  well 
as  for  professionally  exposed  people.  The 
spectrum  of  standards  reaches  from  national 
standards  [6]  over  European  standards  [7]  to 
international  recommendations  which  are  given  by 
the  International  Radiation  Protection  Association 
IRPA  [8],  Table  2  shows  a  comparison  of  the 
several  limits  at  the  power  frequency  of  50  Hz 
including  the  limits  for  persons  with  pacemakers 
derived  from  [9], 


Table  2  :  Exposure  limits  according  various 
standards 


Standard 

Workers 

Public 

DIN  VDE  0848 

1360  pT  (4240  pT) 

420  pT 

ENV  50166-1 

1600  pT 

640  pT 

IRPA 

500  pT (5000  pT) 

100  pT 

DIN  VDE  0750 
(People  with 
pacemakers) 

53  pT 

53  pT 
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1.  ABSTRACT 

This  paper  focuses  on  fundamental  investigations 
and  simulations  of  conducted  electromagnetic 
interference  emissions  produced  by  power  electronic 
circuits  in  a  frequency  range  from  2  to  9  kHz ■  The 
emissions  of  different  power  converters  were  measured 
and  compared  with  another.  The  influence  of  different 
conditions  at  the  altitude  of  the  EMI  are  represent. 

2.  INTRODUCTION 

In  order  to  understand  the  principles  of  origin  and 
expansion  of  the  disturbances,  it  is  necessary  to  analyze 
these  by  using  simple  models.  The  high  frequently 
currents  of  high  power  electronic  instruments  cause  a 
voltage  drop  at  the  impedance  of  the  mains  supply 
(low-voltage  network,  communication  network  etc.). 

This  voltage  drop  is  called  the  interference  voltage. 
The  impedance  depends  on  the  specific  environments, 
such  as  an  industrial  residential  area.  So  it  can  be  that 
an  and  the  same  instrument  produce  varying  interfer¬ 
ence  voltages  at  the  mains  connexion.  There  are  two 
possibilities  to  measure  these  interferences: 

a)  measuring  the  current 

b)  measuring  the  voltage  drop  across  a  known 
impedance 


Measuring  of  conducted 
EMI 


50  Hz  -  2  kHz 

2  kHz- 9  kHz 

10  kHz  -  30  MHz 

i  i  1 

M  easurement  of 
harmonic  currents 
(EN  61000-3-2, 
EN  61000-3-4) 

? 

Measurement 
of  radio  inter¬ 
ference  voltages 
(CISPR  16-1) 

Fig.  1:  Division  of  the  frequency  range  from  50  Hz 
to  30  MHz 


2.1.  Measurement  of  harmonics  (EN6 1000-3-2) 

The  measurement  of  current  harmonics  in  the  fre¬ 
quency  range  from  50  Hz  to  2  kHz  is  governed  by 
European  Standard  61000-3-2  and  61000-3-4  (for 
currents  >  16A  per  phase).  The  currents  are  measured 
across  a  current  sensing  part.  The  resulting  voltage  are 
presented  in  the  frequency  range  through  different 
processes  like  frequency  domain  measurements  or  time 
domain  measurements  [5],  [6],  In  this  standard 
considers  time  domain  measuring  systems  as  well  as 
frequency  domain  measuring  systems  as  equally  good. 


This  determination  of  conducted  electromagnetic 
interference  emissions  produced  by  power  electronic 
circuits  is  divided  into  two  frequency  ranges  as  shown 
in  figure  1.  Both  frequency  ranges  are  set  by  standards. 


2.2.  Measurement  of  interference  voltages 

The  measurement  of  low  frequently  disturbances  in 
instruments  over  the  frequency  range  from  10  kHz  to 
30  MHz  is  specified  in  the  CISPR  16-1.  It  is  based  on 
the  determination  of  the  voltage  drop  across  a  LISN 
(LISN  -  Line  Impedance  Stabilization  Network)  [3], 
[4].  These  LISN  allow  for  reproducible  measuring 
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results  independent  of  the  internal  resistance  of  the 
network.  They  also  prevent  the  invalidation  of  the 
measurements  due  to  disturbances  already  present  in 
the  network.  There  are  three  essential  characteristics  of 
the  LISN: 

a)  recreates  the  internal  impedance  of  the  mains 
supply 

b)  a  decouples  the  measuring  system  from  the  net¬ 
work 

c)  a  damping  of  the  50  Hz- voltage 

3.  ERROR  ANALYSIS 


3.2.  Measuring  error  of  the  voltage  measurement 

The  error  occurring  in  measurements  of  the  inter¬ 
ference  voltage  is  determined  by  the  measuring 
accuracy  of  the  measuring  receiver.  This  measuring 
accuracy  is  specified  by  the  producer  as  AV=  ±1  dB 
maximum. 

If  a  voltage  is  calculated  from  the  threshold  value 
of  the  40th  harmonic  (46  mA)  and  the  mains  impedance 
at  2  kHz  (approximate  IZMainsi  =  2  Q),  according  to 

=  |^Mains| '  ^Harmonic 


The  impedance  of  the  network  increases  with  rising 
frequency.  In  the  frequency  range  from  10  kHz  to  30 
MHz  the  impedance  may  be  recreated  by  a  network  of 
(50  [iH  +  5  Q)  II  50  O.  It  can  be  seen,  that  with 
increasing  frequency,  a  constant  current  amplitude  will 
induce  a  higher  voltage  drop.  In  other  words,  the  same 
voltage  drop  will  result  from  lower  currents  at  higher 
frequency.  Since  the  operating  currents  are  included  in 
the  measurement,  measurements  in  the  higher  fre¬ 
quency  ranges  cannot  be  considered  to  be  accurate. 
This  will  be  shown  more  clearly  later  on. 


3.1.  Measuring  error  of  the  current  measurement 


For  the  measurement  of  current  harmonics  to  there 
are  concrete  limits  up  to  the  40th  Harmonics  of  the 
fundamental  frequency  specified  in  the  European 
Standard  61000-3-2.  These  limits  apply  to  instruments 
of  the  class  A  (for  genuine  three-phase  equipment’s). 
In  this  standard  is  fixed  also  a  maximum  measuring 
error:  5  %  of  the  allowed  limit  or  0,2  %  of  the  input 
current  (which  ever  value  is  larger)  [5]. 

That  means,  a  set  error  limit  is  specified  in  Euro¬ 
pean  Standard  61000-3-2.  This  limit  has  a  value  of  ± 
32  mA  at  a  input  current  of  16  A.  The  limit  for  the  40th 
Harmonic  in  EN6 1000-3-2  for  a  mains  current  of  16A 
is  given  with  46  mA.  This  corresponds  to  a  69  % 
tolerance  for  the  46  mA  current.  Assuming  that  the 
threshold  values  for  the  frequency  range  from  2  kHz  to 
9  kHz  lie  well  below  the  limits  of  the  European 
Standard  61000-3-2,  a  current  measurement  by  this 
procedure  does  not  appear  to  be  accurate  The  measur¬ 
ing  error  of  the  powermeter  with  integrated  FFT  used 
for  this  researched  project  was  specified  as  follows: 

AI  =  ±  (0.05  %  of  the  measured  value  +  0.05%  of  the 
measurement  range) 

At  a  nominal  current  of  16  A  and  a  measuring  range  of 
30  A  ,  there  is  a  measuring  accuracy  of 
AI  =  ±  (0.008  A  +  0.015  A)=  ±  0.023  A  =  ±  23  mA 
The  resulting  measuring  error  relative  to  the  smallest 
threshold  value  of  the  harmonic  current  of  L»o  =  46  mA 
is  thus: 


1% 


meas 


AI_ 

I40 


0.023A 
0.046  A 


=  50% 


0) 


The  measuring  accuracy  of  the  powermeter  is  also 
relativ  bad. 


The  amplitude  of  the  interference  voltage  is  92  mV. 
This  corresponds  to  a  tension  of  Vs  =  99.3  dB(pV). 
There  is  a  relative  measuring  error  in  the  measurement 
of  the  interference  voltage  of: 

V%  =  AVu'0M'nV-92mV  % 

Vj  92  mV 

This  accuracy  is  a  result  of  the  strong  damping  of 
the  50  Hz  component  by  the  LISN.  There  fore,  the 
measuring  receiver  can  be  very  sensitively.  These 
differences  in  the  measuring  accuracy  between  the  two 
procedures  is  of  the  main  reasons  measuring  the 
interference  voltage  across  a  standard  LISN. 

4.  MEASURING  SYSTEM 

The  existing  LISN's  for  the  measurement  of  inter¬ 
ference  voltages  differ  greatly  in  the  construction. 
Functionally  however,  they  are  all  equivalent.  From 
this  consideration  it  makes  sense,  to  modified  the  LISN 
specified  in  CISPR16-1  based  on  the  function  they 
should  accomplish. 

4.1.  Modification  of  the  LISN 

a)  high  frequently  decoupling  from  the  mains 

The  decoupling  from  the  power  supply  is  usually 
done  by  a  low-pass  filter.  Each  power  lead  has  it  own 
decoupling  choke,  which  isolates  the  equipment  from 
high  frequently  currents  in  the  mains.  In  order  to 
guarantee  a  decoupling  for  the  frequency  range  to  be 
examined,  the  cut  off  frequency  of  the  low-pass  filter 
must  be  shifted  into  the  range  below  2  kHz.  This  can 
be  accomplished  by  adding  a  further  CR-combination 
at  the  mains  port  of  the  LISN.  An  exact  design  of  the 
low-pass  filter  can  be  seen  in  figure  3. 

b)  recreation  of  the  mains  impedance 

The  European  Standard  CISPR16-1  specifies  a 
impedance  of  the  LISN  of  (50  pH  +  5  H)  II  50  Q  for  the 
frequency  range  from  10  kHz  to  30  Mhz.  In  the 
frequency  range  to  be  examined,  however  the  actual 
impedance  IZI  is  below  5  Q.  [2],  In  order  to  recreate  the 
impedance  more  accurately,  a  further  impedance  (540 
pH  +  40pF  +  2,3  D.)  was  added  to  the  LISN. 
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c)  decoupling  and/or  damping  of  the  mains  voltage 

The  LISNs  commonly  used  all  recreate  the  imped¬ 
ance  of  the  mains  equally.  Since  the  full  power  of  the 
50  Hz  fundamental  would  destroy  the  measuring 
equipment  it  had  to  be  attenuated  by  using  a  high-pass 
filter.  In  the  frequency  range  ffom  10  kHz  to  30  MHz 
the  output  attenuation  is  either  zero  or  has  a  set  value. 
According  to  CISPR  16-1,  a  CR-high-pass  filter  is  used 
for  decoupling  the  low-frequently  signals.  The 
damping  of  the  filter  is  non-negligible  over  the 
frequency  range  ffom  2  kHz  to  9  kHz  and  can  be 
calculate  with  equation  4. 


f 


\ 


|G(jco)|  =  20  •  log 


1 


1  + 


/  1  N'2 


coCR 


(4) 


The  result  of  this  three  modifications  can  bee  seen  in 
figure  3. 


supply  mains  artifical  network  load 


Fig.  3:  Modification  of  CISPR16-1  network  [1] 


5.  MEASURING  RESULTS 

The  conducted  EMI  caused  by  the  switching  fre¬ 
quency  of  different  three-phase  power  converter  were 
measured  in  the  frequency  range  from  2  to  9kHz. 
Besides  the  investigated  converters  were  divided  into 
the  following  basic  types: 

a)  three  phase  pulsed  rectifier  with  DC  Voltage  Link 

b)  three  phase  rectifier  with  capacitive  load  and 
following  three  phase  pulsed  converter 

An  example  for  both  types  can  be  seen  in  figures  4  -  5. 


mains  load 


Fig.  4:  Three  phase  pulsed  rectifier  with  DC  Voltage 
Link 


mains  load 


Fig.  5:  Three  phase  rectifier  with  capacitive  load  and 
following  three  phase  pulsed  converter 


5.1.  Influence  of  the  load  current 

To  see  the  influence  of  the  load  current,  the  emis¬ 
sions  of  all  converters  were  measured  with  no-load  and 
full  load  (pure  resistive  load). 

The  highest  emissions  are  produce  by  three  phase 
pulsed  rectifiers  with  DC  Voltage  Link. 

The  altitude  of  emissions  of  all  three  phase  pulsed 
rectifiers  with  DC  Voltage  Link  aren't  dependent  on 
the  load  current.  An  example  is  shown  in  figure  6. 


Fig.  6:  Emissions  of  three  phase  pulsed  rectifier  with 
DC  Voltage  Link  (influence  of  load  current) 


The  emissions  of  the  three  phase  rectifiers  with 
capacitive  load  and  following  three  phase  pulsed 
rectifier  depend  on  the  load  current  (figure  7). 
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Stapfr  Q0*00kHz  0  0400  VartScareON  CM  Rtf.  Laval:  80  «  00 JB 

Fig.  7:  Emissions  of  three  phase  rectifier  with  ca¬ 
pacitive  load  and  following  three  phase 
pulsed  converter  (influence  of  load  current) 
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Start  00020 MHz  00020  Datador:  CISPRQP  CJSFR QP  AUorarga:  ISdBPI  ISO0P1 
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Step 0:  0.0400kHz  0.0400  VartSearvON  OH  Ref  Laval  60  dB  60  dB 

Fig.  9:  Emissions  of  three  phase  rectifier  with  ca¬ 
pacitive  load  and  following  three  phase 
pulsed  converter  (influence  of  kind  of  load) 


The  emissions  of  three  phase  pulsed  rectifiers  with 
DC  Voltage  Link  depend  on  three  important  facts: 

-  the  altitude  of  the  voltage  DC  Link 

-  the  impedance  of  the  converter  choke 

-  the  impedance  of  the  supply  mains 


5.2.  Influence  of  the  kind  of  load 

To  see  the  influence  of  the  load  the  emissions  of  the 
converter  were  measured  with  pure  resistive  load  and 
with  motor  load.  In  figure  8  it  can  be  seen  that  the 
emissions  of  three  phase  pulsed  rectifiers  with  DC 
Voltage  Link  aren't  dependent  on  the  kind  of  load. 


Fig.  8:  Emissions  of  three  phase  pulsed  rectifier  with 
DC  Voltage  Link  (influence  of  kind  of  load) 


Unlike,  as  opposed  to  figure  8  the  emissions  of  the 
three  phase  rectifiers  with  capacitive  load  and  follow¬ 
ing  three  phase  pulsed  converter  depend  on  the  kind  of 
load.  The  emissions  with  connected  motor  load  are 
higher  than  with  resistive  load  (figure  9). 


5.3.  Highest  emissions 

The  highest  emissions  of  all  converters  were  meas¬ 
ured  and  placed  in  figure  10.  The  converters  are 
subdivided  in  three  parts: 

Group  a:  three  phase  pulsed  rectifiers  with  DC  Voltage 
Link  - 1  >  16A 

Group  b:  three  phase  pulsed  rectifiers  with  DC  Voltage 
Link  - 1  <  16A 

Group  c:  three  phase  rectifiers  with  capacitive  load  and 
following  three  phase  pulsed  converter  -  I  > 
16A 


Fig.  10:  Highest  emissions  of  investigated  converters 


The  group  "three  phase  rectifier  with  capacitive  load 
and  following  three  phase  pulsed  converter  - 1  <  16A" 
can  not  be  seen  in  figure  10  because  no  converter  for 
this  group  was  in  existence. 

As  well,  it  was  measured  that  the  highest  level  of 
the  emissions  are  not  situated  in  the  centre  of  the 
pulsed  frequency  but  50  Hz  or  100  Hz  beside  this 
frequency.  This  is  the  result  of  the  different  modula¬ 
tion  techniques  of  the  converters. 

6.  CONCLUSION 

This  paper  deals  with  the  selection  of  a  suitable 
measuring  procedure  for  the  measurement  of  con¬ 
ducted  EMI  in  a  frequency  range  2  to  10  kHz.  Because 
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of  the  higher  accuracy  of  the  voltage  measurement 
using  an  LISN  as  opposed  to  current  measurements  this 
method  was  judged  superior  for  determining  interfer¬ 
ences.  Since  the  required  LISNs,  are  not  standardized 
for  the  frequency  range  from  2  kHz  to  10  kHz,  this 
paper  suggest  a  modification  to  the  existing  LISN's. 
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Abstract  -  Method  of  the  analysis  of  the  spread  of 
distortion  in  an  electrical  network  containing  non¬ 
linear  and  non-symmetrical  loads  is  suggested  in 
the  offered  paper.  On  the  basis  of  investigation  it  is 
shown  that  contrary  directed  power  flows  exist 
simultaneously  in  an  electrical  power  system 
containing  distortion  sources.  Theoretical  approach, 
results  of  experimental  measurements  and  results 
of  mathematical  modelling  of  non-sinusoidai  and 
non-symmetrical  states  in  electrical  power  system 
are  described  in  the  paper. 


In  a  common  case  for  the  current  in  each  phase  of 
a  three-phase  system  exist  in  the  following 
relations: 

H  (0  =  IU kpos  sin(kci)Qt  +  'Vklpos  -  — - 1»  + 
k  (1) 

2 jz 

I  knag  cos (JccoQt  4-  ''Vj^Jneg  _ 

where 


1.  INTRODUCTION 

Modern  electrical  power  systems  contain  a  lot  of 
high-power  non-linear  and  non-symmetrical  loads. 
When  connecting  a  new  non-linear  or  non- 
symmetrical  consumer  with  an  electrical  network  it 
is  necessary  to  take  into  account  the 
electromagnetic  compatibility.  It  is  necessary  to 
determine  the  permissible  level  of  distortion  for 
every  distortion  source  in  the  Point  of  Common 
Coupling  (PCC)  in  the  electrical  network. 

This  means  that  it  is  necessary  to  locate  distortion 
sources,  to  analyse  the  interaction  between 
different  distortion  sources,  and  to  analyse  the 
spread  of  the  distortion  in  electrical  power  system. 
There  is  not  a  universally  agreed-upon  theory  of 
power  spread  under  distorted  conditions  in 
networks  [1  -  4],  but  this  paper  attempts  to  make 
some  contribution,  based  on  a  fundamental 
electrotechnical  approach.  Some  aspects  of  it  were 
published  in  [5], 


/  =  1,2,3  -  index  of  phases  in  three-phases 

system 

n B 

k  =  v±  — —  -  combination  frequency 

coQ 

v- 0,1,2,...  -  order  of  harmonic 


°>  o 

= /XI 

£  =  1,2,... 
pos,  neg 


-  fundamental  frequency 

-  modulation  frequency 

-  basis  modulation  frequency 

-  order  of  modulation  frequency 

-  positive,  negative  sequence  index 


The  same  relations  exist  for  the  voltage: 


«/  (0 = YjVkpas  smQccoQt + ' ^klJpos  - — - 1)) + 
k  (2) 

Itc 

Vkneg  ™<k(OQt  +  T kUneg  ~ ~  0  -  D)} 


2.  THEORETICAL  APPROACH 

Let  us  consider  a  simple  three-phase  electrical 
network  with  insulated  neutral  containing  only  one 
non-symmetrical  and  non-linear  consumer 
(distortion  source)  which  is  supplied  from  bus  with 
the  ideal  symmetrical  non-distorted  fundamental 
harmonic  voltage  U s  as  is  shown  on  the  Fig.1. 


According  to  Tellegen’s  theorem  [5]  can  write  for 
every  harmonic  frequency  k  the  following  relations 
can  be  written  for  power: 

Ss.k -h  =Lkv's,k-lklL\ 

=  M>k+J6.Qt  (3) 

where 

A Pfc  ,  AQk  -  active  ,  reactive  losses  in  the  network 
on  the  harmonic  frequency  k 

As  the  supply  voltage  on  the  system  bus  contains 
only  positive  sequence  fundamental  harmonics 
Us  =  l! s\ pos  •  follows  from  equations  (3) : 


Fig.1 
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P  -p  =AP 
s,lpos  IpOS  1  pos 

P\neg  ~AP\,  neg 

~Pk=APk 

@s,lpos  Q\pos~AQ\pos 
^1  neg  ~AQ\neg 

-Qk=AQk 


(4) 


Here  are  the  equations  for  both  sequences: 

pk  =  4 11  k  cos(  VkU  ~  ^IcI ) 

Qk  =  !kuk  ^(^kU  -  ^kl ) 

From  equations  (4)  follows  that  normal  power 
flow  (1st  harmonic  positive  sequence),  directed 
from  power  source  to  consumer,  and  contrary 
anomalous  power  flow  (1st  harmonic  negative 
sequence  and  all  other  harmonics)  exist  in  the 
electrical  network.  Only  normal  power  flow  exists 
on  the  system  bus. 


Consumped  anomalous  power  flows  cause 
additional  energy  losses  and  deteriorate 
technological  conditions  . 

In  Fig. 2  the  diagram  of  power  flows  in  electrical 
network  for  the  common  case,  with  both  distortion 
and  non-distortion  consumers,  is  shown. 


AP Ipos  AP ED 


Fig. 2. 


3.  COMPUTATIONAL  RESULTS 


Anomalous  power  flows  are 

pan  ~  t\neg  +  X.  pk 
k^  1 

Qan  ~  Qlneg  +  X  Qk 
k^l 

The  middle  power  on  the  load  bus  is 

Pm  ~  ^(^kpos  +  Pkneg  ) 

k= 1 

Qm  ~  XX Qkpos  +  Qkneg  ) 
k= 1 

By  substituting  (6)  in  (7)  follows: 

Pm  ~  i  pos  ~  Pan 

Qm  ~  Ql pos  ~  Qan 


(6) 


(7) 


(8) 


This  means  that  a  part  of  power  consumped  from 
load  bus  f\pOS  ,  Q\p0s  transforms  into 

anomalous  power  flow  which  is  injected  back  into 
the  electrical  network.  This  part  of  energy  is  iost  for 
the  consumer.  Also  anomalous  power  flows  cause 
additional  energy  losses  A(A Pan)  ,  A(A Qan)  in 
the  electrical  network. 

If  a  non-distortion  (linear  and  symmetrical)  load  on 
the  load  bus  is  coupled  then  non-distorted 
consumer  uses  the  following  power: 


Simple  tests  of  the  theory  presented  above  were 
carried  out  by  PC  program  system  SALOMON  [6] 
on  the  three-phase  mathematical  model. 

Example  1.  Non-symmetrical  linear  load. 

Fig. 3  shows  us  the  simplified  circuit  diagram  of  an 
electrical  network  containing  one  non-symmetrical 
linear  load,  which  was  used  in  computations.  In 
this  case  only  power  flows  on  the  fundamental 
frequency  exist.  The  impedances  of  every  phase 
are  symmetrical. 


Rs  Xs  Us  Rn  Xn  U  Rl  Xl 
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Power  System 


Network 


Consumer 


Fig. 3. 

Results  of  computations  of  power  consumped  on 
the  load  bus  are  presented  in  the  Tablel. 


Tablel. 


P\pos 

kW 

Ql  pos 

kVar 

Plneg 

kW 

Qlneg 

kVar 

30244,34 

32143,97 

-53,20 

-1984,44 

Pcn  ~  Plpos  +  Pan 
Qcn  ~  Ql  pos  +  Qan 


It  is  shown  that  power  of  negative  sequence 

p  <0-0,  <0  •  This  means  that  power 

1  neg  ^1  neg 

flows  of  negative  sequence  are  directed  contrary  to 
power  flows  of  positive  sequence  .  Also  it  is  shown 
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that  power  of  negative  sequence  is  significantly 
less  than  power  of  positive  sequence.  At  last, 

^1  neg  >>^\neg 

Example  2.  Non-  linear  symmetrical  load. 

Fig. 4  shows  the  simplified  circuit  diagram  of  an 
electrical  network,  containing  one  non-linear 
symmetrical  load,  which  was  used  in 
computations. 

Es  Rs  Xs  Us  Rn  Xn  U  Rf  Xf  Ua(Ia) 

) — i  t — ' ~ *•' — (— i — 

[•  zn— ■  v-v-'-[-— ^ 

i  » |  i — i  •  j  i /  vv>  •  575- 

Power  System  Network  Consumer 


Fig. 4. 

The  three-phase  electrical  arc,  which  was  modelled 
according  to  their  v-i  characteristic  as  it  is  shown 
on  the  Fig. 5,  was  taken  as  the  non-linear  element. 
The  v-i  characteristic  is  typical  for  electrical  arc 
furnace  [6].  For  every  phase  symmetrical  v-i 
characteristics  were  taken. 


v.  kV 


Fig. 5. 

Results  of  computations  of  load  flows  are 
presented  in  Table  2. 

In  this  case  power  flows  exist  on  both  the 
fundamental  frequency  and  on  odd  harmonics, 
except  3rd  and  multiple.  Because  of  symmetry  of 
phase  parameters  and  symmetry  of  distortion 
sources  only  positive  sequence  power  flows  exist 
on  harmonics  1,  7  and  negative  sequence  power 
flows  on  harmonic  5.  Harmonic  flows  on 
harmonics  order  11,  13,  etc.  are  not  presented  in 
Table  2. 


Table  2. 


k 

I'kpos 

kW 

^ kpos 

kVar 

^ kneg 

kW 

®kneg 

kVar 

1 

32201,55 

10059,59 

- 

- 

5 

- 

- 

-4,78 

-92,40 

7 

-0,77 

-37,25 

- 

- 

Conclusions  for  Example  1  are  true  also  for 
Example  2. 

It  is  shown  that  q  »  p  ,  by  k  *  1  . 

k 


Example  3.  Non-  linear  non-sym metrical  load. 

Circuit  diagram  Fig. 4.  was  used  for  modelling  of 
non-linear  non-simmetrical  load.  Non-symmetrical 
v-i  characteristics  of  electrical  arc  were  taken. 
Results  of  computations  of  load  flows  are 
presented  in  Table  3. 


Table  3. 


k 

p 

kpos 

kW 

®kpas 

kVar 

p 

kneg 

kW 

Qkneg 

kVar 

1 

31650,43 

11585,73 

-3,46 

-114,16 

5 

-1,51 

-17,52 

-17,41 

-128,49 

7 

-5,35 

-63,432 

-5,24 

-3,13 

It  is  shown  that  under  non-symmetrical  conditions 
(non-symmetrical  distortion  source)  power  flows 
for  both  positive  and  negative  sequences  for  every 
harmonic  k  exist.  All  power  flows  of  negative 
sequence  are  directed  from  distortion  source  into 
electrical  network.  Positive  sequence  power  flows 
on  harmonics  k  >  1  are  also  injected  into  the 
electrical  network. 

The  following  is  true  for  the  majority  of  anomalous 
power  flows  Qk>>Pk  ■ 

4.  EXPERIMENTAL  MEASUREMENTS 

For  experimental  check-up  of  the  main  aspects  of 
theory  presented  above  on-site  measuremens  in 
electrical  networks  containing  distortion  consumers 
were  carried  out. 

in  Fig.6.  power  supply  scheme  of  a  steel  plant  is 
shown.  Arc  furnaces  are  high  power  distortion 
sources.  Measurements  were  done  by  means  of 
the  measuring  system  DIGIS,  recording  the 
instantaneous  values  of  voltages  and  currents  with 
a  sampling  rate  of  6400  Hz.  On  the  basis  of 
experimental  results  power  flows  were  calculated. 


Fig.6. 

In  Fig.7  load  flow  behaviours  of  only  one  working 
arc  furnace  EAF-V  (main  melting)  are  presented. 
The  30  kV  voltage  on  the  busbar  and  the  current  of 
arc  furnace  in  three-phases  were  measured.  The 
other  load  was  switched  off  from  the  busbar. 


kW ) 
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Measuring  results  confirm  main  aspects  of 
described  power  theory.  It  is  shown  that  measured 
negative  sequence  power  flow  on  the  fundamental 
frequency  is  directed  from  consumer  to  electrical 
network.  Measured  reactive  power  flows  on 
harmonics  are  also  directed  into  the  electical 
network.  Variable  direction  of  measured  harmonic 
active  power  flows  can  be  explained  by  a  presence 
of  harmonic  distortion  in  the  supply  voltage,  and  a 
significant  level  of  active  losses  on  harmonics  in 
the  electrical  arc  furnace  circuit  There  are 

Qk>>pk  ■ 

B.  CONCLUSIONS 

1.  This  paper  suggests  power  flows  theory  under 
distorted  conditions  in  an  electrical  network. 

2.  Mathematical  modelling  and  experimental 
measurements  confirmed  existence  of  contrary 
directed  normalous  and  anomalous  power  flows 
in  the  electrical  network. 

3.  Measurements  of  anomalous  power  flows  can 
be  recommended  for  location  of  distortion 
sources  in  the  electrical  network. 
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An  analysis  of  third  order 
intermodulation  (RIM)  interference  which  are 
made  by  two  or  three  unwanted  signals  in  base 
station  (BS)  receiver  is  performed.  As  a  result 
we  obtain  an  equation  where  the  interference 
zone  radius  is  a  function  of  BS  receiver 
parameters  ,  unwanted  transmitters 
parameters,  wanted  signal  field  strength  and 
standard  deviations  of  unwanted  and  wanted 
signals.  For  example  the  calculations  show 
that  mobile  stations  situated  in  vicinity  of  BS 
of  about  R  <  1  km  can  generate  RIM 
interference  in  NMT-450  cellular  system. 

INTRODUCTION 

It  is  known  that  two  or  three  strong 
unwanted  signals  affecting  a  receiver  can 
generate  intermodulation  (RIM)  interference  . 
The  frequency  requirement  of  third  order  RIM 
interference  existing  is  [1]: 

2Fi  -  Fj  <  Fr  ±  Br/2,  (1) 

Fi  +  Fj  -  Fq  <  Fr  ±  Br/2,  (2) 

where  Fi,  Fj,  Fq  -  unwanted  signal  frequences  ; 
Fr  -  victim  receiver  frequency;  Br-  bandwidth 
receiver.  Such  situation  may  occur  in  BS 
receiver  of  cellular  system  when  unwanted 
mobile  stations  are  situated  in  the  vicinity  of 
BS  .  In  this  case  the  service  zone  will  be 
reduced.  Wellknown  papers  consider  two- 
signal  RIM  interference  only  [1  ...5,12]. 

This  paper  presents  the  method  and 
results  of  interference  zone  calculations  with 
two-  and  three-unwanted-signal  affects. 


1 .  AMPLITUDE  REQUIREMENT  OF 
RIM  INTERFERENCE 
Amplitude  requirement  for  third  order 
RIM  interference  existing  is  [2,4,6, 1 1]: 

2Pi  +  Pj  >  3W2,  (3) 

Pi  +  Pj  +  Pq  >  3W3 ,  (4  ) 

where  Pi,  Pj,  Pq  -  unwanted  signals  at  receiver 
input,  dBW;  W2  and  W3  -  receiver 
susceptibility  for  two-  and  three-signal 
interference  of  the  third  order,  dBW.  They  are 
determined  by  two  (three)  equal  levels  Pi  =  Pj 
(Pi  =  Pj  =  Pq)  of  unwanted  signals  which  cause 
SINAD  ratio  decreasing  by  3  dB  at  receiver 
output. 

Theoretical  studies  have  shown  -  and  this 
has  been  verified  by  experimental  work  -  that 
magnitude  W2  (W3)  is  function  of  frequency 
diversity  of  unwanted  and  wanted  signals 
AFi(j,q),  level  of  wanted  signal  at  the  input  of 
receiver  Ps  and  receiver  susceptibility 
parameters  [6],  At  special  case  for  cellular 
system  when  mobile  station  unwanted  signals 
are  in  preselector  band,  i.e.  AFi(j,q)  <  Brf , 
where  AFi(j,q)  =  [Fi(j,q)-Fr]; 

Brf  -  preselector  bandwidth,  we  can  write 

W2  =  S2  +  Pso  +  d2(Ps  -  Pso),  (5) 

W3  =  S3  +  Pso  +  d3(Ps  -  Pso),  (6) 

Pso  -  receiver  sensitivity,  dBW;  S2,S3-  RIM 
susceptibility  for  two  and  three  signal 
interference,  dB.  They  are  determined  by  ratio 
between  two  or  three  equal  levels  of  unwanted 
signals  Pi(j,q),  which  cause  SINAD  ratio 
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decreasing  by  3  dB  at  receiver  output,  and 
Pso;  d2,d3  -  parameters  of  RIM  susceptibility 
model  (d2,d3  show  how  W2  and  W3  vary  in 
case  of  Ps  varying  ). 

In  terms  of  field  strengths  amplitude 
requirements  (3),  (4)  are  [1,2] 

2Ei  +  Ej  >  3  [S2  +  Eso  +  d2(Es  -  Eso)  ],  (7) 

Ei  +  Ej  +Eq  >  3  [S2  +  Eso  +  d3(Es  -  Eso)  ],  (8) 

where  Ei,  Ej,  Eq,  -  unwanted  and  wanted 
signal  field  strengths  at  receiver  antenna 
location,  dBpV/m;  Eso  -  field  strength  which 
corresponds  to  Pso. 

Then  (7),  (8)  can  be  represented  as 

2Ei  +  Ej  -  3d2  Es  >  3[S2  +  Eso  (1  -  d2)],  (9) 


where  Pt  -unwanted  signal  of  mobile  station 
transmitter,  dBW;  Gt-transmitter  antenna 
gain,  dBi;  Ba-antenna  feeder  path  loss,  dB;  F- 
transmitter  frequency,  MHz;  L(R)  -  unwanted 
and  wanted  signal  path  loss  at  distance  R  ,  dB. 

Interfering  zone  of  mobile  stations  will  be 
maximum  in  case  of  minimum  wanted  signal 
level.  This  takes  place  at  the  distance  R=Ro 
between  mobile  station  and  BS  where  Ro- 
radius  of  service  zone. 

Probability  of  interference  appearing  ,  i.e. 
eq.(10)  requirement  complying  for  three 
unwanted  signals  due  to  fading 

„  +  ,  + 3ES0(l  -  ds)  -  Emsz 

Ppr  =  l-<P  ( - ), 

032: 

(16) 

where  ®(Z3)  -  probability  integral; 


Ei  +  Ej  +  Eq  -  3d3  Es  >  3[S3  +  Eso  (l-d3)]. 

(10) 

To  determine  service  and  interference  zones 
the  wanted  and  unwanted  path  loss  model  is 
formed  taking  into  account  the  fading  with 
normal  distribution  law  at  measurement  units 
in  dB,  [2,9], 

Left  parts  (9),  (10)  are  the  sum  of  three 
(or  four)  independent  random  values  with 
overall  standard  deviation: 


0"2Z  4  of  +  cry  +  9  d.2  <Tg 

(11) 

<?3Z  =yj  0%  +  crj  +  erg  +  9  d|  erf . 

(12) 

and  median  values: 

Em2x  —  2EMj  +  Emj  -  3d2EMS, 

(13) 

Em3i  -  E„j  +  Emj  +  EMq  -  3d3EMS,  (14) 

where  cri,  oj,  oq,  as,  EMi,  Em],  E\iq,  Ems  - 
standard  deviations  and  median  values  of 
wanted  and  unwanted  signals. 

Median  values  Emi,  Emj,  Emq,  Ems  near 
BS  receiver  antenna  which  is  at  the  distance  R 
to  signal  source  are 

Em  =  1 07,2  +  Pz  -  L(R)  +  201gF,  ( 1 5) 

Pz  =  Pt  +  Gt  -  Ba, 


„  3i>3  +  3 Eso  (1  -  <23)  -  Em 35;  „ 

Z3  =  •  (1  >) 

C31 

Using  approximation  of  ®(Z3)  [7]  we 

receive: 

(p{Z3)  =  0,5[1  ±  yjl  -  EXP(- 0,619536  •  Z§)] 
Substituting  it  into  eq.(16)  we  receive: 

1  -  Ppr  =  0,5[1  +  yjl  -  EXP(- 0,619536  z|)] 


Solving  this  equation  for  Z3  we  receive: 


Z3  =  V-  1,6141  ■  ln[4ppr(l  -  Ppr)]  (18) 


Denoting 

Ai(Ppr)  =  1,6141  •  ln[4Ppr(l  -  Ppr)] 

(19) 

and  equating  right  parts  of  eq.  (17)  and  (18)  we 
receive: 


3iS>3  3 Eso  (1  ^3)  Em3I, 


=  Al  (Ppr)  ■ 


<y  3  s 


(20) 
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Substituting  Em3Z  from  eq.(15)  to  (20)  we 
receive: 

Li  +  Lj  +  Lq  <  Aj(Ppr)  x  ct3£  -  3 [S3  +  Eso(l  - 
d3)  -  107,2  -  Ps  -  201gF  +  d3Ems] . 

(21) 

Similarly  for  RIM  interference  caused  by 
two  unwanted  signals  we  have: 

2Li  +  Lj  <  Aj(Ppr)  x  a2l  -  3 [S2  +  Eso(l  -  d2)  - 
107,2  -  Ps  -  201gF  +  d2Ems] . 

(22) 

Equations  (22)  and  (21)  allow  to  calculate 
max  path  loss  2Li  +  Lj  and  Li  +  Lj  +Lq  which 
correspond  RIM  interference  formed  by  2  or  3 
unwanted  signals  with  given  probability  Ppr. 

2.  PATH  LOSS 

The  median  values  of  path  loss  L  of  wanted 
and  unwanted  signals  are  function  of  distance 
R.  The  calculation  for  a  distance  of  R  <  1  km 
was  made  using  “Lustgarten  model”  [8].  For  F 
=  450  MHz 

L  =  91  +  20  logR.  (23) 

When  using  this  model  the  path  loss  are 
5,5  dB  more  than  in  free  space,  but 
many  less  than  that  of  “Hata  model”  [9]. 

3.  CALCULATION  OF  INTERFERENCE 
ZONE 

FOR  2Fi  -  Fj  FORM 

In  the  case  when  radius  of  service  zone  in 
large  city  is  Ro=3...4  km,  space  signal 
fluctuation  is  approximated  by  normal 
distribution  law  with  crs  =  6... 12  dB  [9,1 1]. 

For  calculation  of  interference  zone  let’s 
use  next  parameters  of  system  NMT-450: 

F  =  450  MHz  ;  Pt  =  0.15W;  Ga=5  dB;  Ba=l 
dB;  d2  =  0.33;  Eso  =  9.3  dBpV/m  (where  Eso 
corresponds  to  sensitivity  Pso  =  -117  dBm  or 
U=-4  dBpV  emf );  Ppb=0.1;  as=  8  dB.  Here 
Pt  is  minimum  transmitter  power.  Let  the 


fading  of  unwanted  signals  oi(j,q)=0  (R<lkm). 
In  this  case  ct2i  =  3d2os  =  8  dB. 

Calculation  of  interference  zone  as 
function  of  IM-susceptibility  S2  and  median 
value  of  wanted  signal  field  strength  Ems  for 
a  pair  of  unwanted  signals  Fi  and  Fj  with 
substituting  the  NMT-450  parameters  in  (22) 
can  be  made  using: 

2Li  +Lj  <  460,2  -  3S2  -  EMS.  (24) 

Let  S2=70  dB  [10]  and  Ems  =25  dBpV/m. 
Values  Ri  and  Rj  satisfy  eq.  (23),  (24)  are 
presented  in  table  1 .  So  for  this  parameters  <of 
system  the  interference  zone  radius  is  about  1 
km. 

Table  1 


Interference  zone  radii 


Ri,  km 

0.065 

0.15 

0.25 

Rj,km 

1.0 

0.18 

0.065 

This  is  a  significant  distance  when  the 
servise  zone  radius  is  Ro  =  3... 4  km. 

4.  CALCULATION  OF  INTERFERENCE 
ZONE 

FOR  Fi+Fj-Fq  FORM 

The  values  of  S3,  d3  are  absent  in 
specification  and  may  be  calculated  [6]  or 
measured.  The  measurements  gave  d2  =  d3  = 
0.33  .  Substituting  NMT-450  parameters  in 
(21)  we  receive: 

Li+Lj+Lq  <  460,2  -  3  S3  -  EMS . 

Let  S3=70  dB  and  Ems  =  25dBpV/m.  RIM 
interference  exists  when  Ri  =  Rj  =  Rq  =  0.16 
km.  RIM  interference  also  exists  when  Ri  =  Rj 
=  0.065  km  and  Rq  =1.0  km  . 

If  we  use  “free  space”  model  for 
calculation  of  path  loss,  large  number  of  pairs 
and  triplets  of  unwanted  signals  and  Pt  > 
0.1 5W  the  interference  zone  will  be  increased. 
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CONCLUTION 

At  radius  of  about  1  km  far  from  BS  the 
interference  of  third  order,  which  are  generated 
by  two  or  three  unwanted  signals,  may  exist. 
Therefore  when  frequency  assigning  for  a  site 
of  land  mobile  network  it  is  necessary  to  take 
into  consideration  the  RIM  interference  of 
three  unwanted  signals  not  only  two. 
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The  paper  deals  with  EMC  problems  between 
the  (IS-95)  CDMA  public  land  mobile  networks  and 
radio  electronic  equipment  (REE)  of  the  aeronautical 
radionavigation  service  (ARMS)  resulting  from  the 
national  special  features  of  frequency  allocations  in 
Russia.  The  following  items  are  observed: 

-  the  results  of  bench  testing  aimed  on  determination 
of  the  signal-to-interference  ratio  at  the  ARNS 
aircraft  receiver  input  in  the  presence  of  harmful 
interference  from  CDMA  network  REE: 

-  based  on  the  mentioned  background  an  original 
procedure  of  calculation  the  permissible  number  of 
base  stations  (BS)  IS-95  and  their  performance  in 
order  to  provide  EMC  with  REE  ARNS  while 
operating  in  shared  band ; 

-  an  example  of practical  application  of  the  procedure. 

1.  INTRODUCTION 

The  distinguishing  feature  of  the  national 
frequency  allocations  in  the  Russian  Federation,  CIS 
countries  and  certain  East  European  countries  is  the  use 
of  the  band  873-1000.5  MHz  by  the  aircraft  REE  of  the 
ARNS.  The  above-mentioned  REE  supports  aircraft 
navigation  and  landing  operations  using  ground 
radiobeacons  which  provide  a  nation-wide 
radionavigation  field  for  short  range  navigation 
purposes. 

However  a  widespread  introduction  of  cellular 
mobile  radio  (CMR)  in  Russian  Federation,  in  view  of 
an  inconformity  of  the  national  (federal)  allocations  of 
the  the  RF  spectrum  and  the  international  allocations, 
has  aggravated  EMC  problems  with  ARNS  REE, 
namely,  with  airborne  REE  of  short  range 
radionavigation  and  landing  systems  sharing  the  same 
frequency  band  [1],  Airborne  REE  will  receive 
interference  from  the  transmitting  equipment  of  the 
base  stations  of  IS-95  CDMA  networks.  The  receiving 
equipment  of  IS-95  CDMA  subscriber’s  terminals  will 
be  affected  by  the  transmitting  devices  of  ARNS 
ground  radiobeacons.  The  problem  is  currently  being 
tackled  through  a  rational  frequency  planning  of  shared 
frequency  band  in  particular  areas  on  the  basis  of 


evaluated  and  experimentally  obtained  protection  ratios 
for  ARNS  receivers  interfering  with  IS-95  CDMA 
radio  electronic  equipment  [1]. 

In  view  of  the  fact  that  the  procedure  of  the  EMC 
estimation  between  ARNS  and  IS-95  CDMA  REE  was 
developed  in  1996  in  the  absence  of  actual  CDMA 
systems,  operational  constraints  on  IS-95  CDMA 
systems  on  the  territory  of  the  Russian  Federation 
proved  to  be  rather  conservative.  The  required 
expansion  of  cellular  networks  of  the  IS-95  CDMA 
networks  in  Russia  while  providing  compatibility  with 
existing  ARNS  short  range  navigation  system  induced 
the  more  sophisticated  investigations.  In  order  to  obtain 
tire  correct  protection  ratios  the  bench  tests  were 
organized. 

2.  BENCH  TESTING 

The  bench  tests  were  aimed  to  determine: 

-  the  amount  of  potential  hannful  interference  from 
the  transmitting  equipment  of  base  stations  of  IS-95 
CDMA  cellular  networks  to  ARNS  airborne  receivers 
in  the  Navigation  and  Landing  modes; 

-the  minimum  permissible  level  of  hannful 
interference  from  the  transmitters  of  base  stations  of 
the  IS-95  CDMA  cellular  networks  at  the  input  of 
ARNS  airborne  receivers  in  the  Navigation  and 
Landing  modes. 

Since  ARNS  airborne  radio  electronic  equipment 
becomes  more  sophisticated,  the  bench  test  was 
conducted  for  ARNS  aircraft  receivers  of  new 
generations.  The  latter  are  noted  for  higher  sensitivity 
and  powerful  digital  processor  which  offers  a  higher 
accuracy  of  determination  of  the  navigation 
parameters. 

The  bench  test  was  performed  using  a  special- 
purpose  laboratory  setup  intended  to  check  operability 
and  accuracy  of  measurements  of  ARNS  airborne 
equipment.  Fig.l  shows  a  block  diagram  of  the 
laboratory  setup  used  for  bench  testing  of  EMC 
compatibility  between  the  ARNS  airborne  REE  of  tire 
azimuth  mode  and  IS-95  CDMA  REE. 

The  following  measuring  equipment  was  used  in 
the  bench  test : 
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Fig.  1.  Block-diagram  of  the  laboratory  setup  used  for  researching  of  EMC  between  ARNS 

and  IS-95  REE 
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•  simulator  of  IS-95  CDMA  base  station 

transmitters; 

•  simulator  of  ARNS  ground  radionavigation 

beacons; 

•  adjustable  attenuator; 

•  operation/maintenance  kit. 

The  bench  test  involved  the  following  stages: 

1.  ARNS  aircraft  receiver  sensitivity  was  measured  in 
the  Navigation  mode. 

2.  The  prescribed  operational  mode  and  required 
frequency-code  channel  were  set  in  Uie  simulator  of 
ARNS  ground  radio  beacons.  Following  this  the 
ARNS  airborne  equipment  was  connected  to  the 
simulator  and  correct  readings  of  simulated 
navigation  parameters  were  recorded  by  aircraft 
indicators. 

3.  By  the  use  of  the  adjustable  attenuator  the  required 
wanted  signal  power  was  set  at  the  ARNS  receiver 
input.  Then  the  IS-95  CDMA  transmitter  carrier 
frequency  was  tuned  to  the  frequency  of  the  ARNS 
frequency  code  channel. 

4.  The  IS-95  CDMA  transmitter  simulator  was 
connected  to  the  signal  simulator  and  ARNS 
airborne  receiver  using  an  HF  coupler. 

5.  By  increasing  level  of  harmful  interference  from  the 
IS-95  CDMA  transmitter  the  change  in  the 
reception  quality  performance  of  ARNS  wanted 
signals  was  recorded.  The  harmful  interference 
level  was  further  increased  to  the  point  of  a  break¬ 
down  of  ARNS  airborne  indicator  readings  that 
corresponded  to  the  failure  of  Navigation  Azimuth 
channel. 

6.  The  level  of  harmful  interference  was  recorded  for 
several  gradations  of  an  azimuth  error.  For  the 
given  wanted  signal  power  level  the  signal-to- 
interference  ratio  was  determined. 

7.  The  tests  as  described  in  5  and  6  were  successively 
repeated  for  several  frequency  offsets  for  different 
ARNS  azimuth  frequency  code  channels. 

The  results  of  bench  testing  confirmed  potential 

harmful  interference  from  the  transmitting  equipment 


of  base  stations  of  IS-95  CDMA  cellular  networks  [2] 
to  ARNS  aircraft  receivers  in  the  Navigation  mode. 

The  effect  of  harmful  interference  to  ARNS 
airborne  receivers  from  base  station  transmitters  of  IS- 
95  CDMA  cellular  networks  can  make  itself  evident 
both  in  an  intolerable  deterioration  in  accuracy  of 
measurements  of  navigation  parameters  in  the 
Navigation  mode  and  in  switching  ARNS  airborne 
receivers  to  the  Failure  mode  with  the  appropriate 
indication  to  the  aircraft  crew. 

The  experimentally  obtained  signal-to- 
interference  protection  ratios  at  the  input  of  the  ARNS 
airborne  receivers  for  co-carrier  frequencies  (co¬ 
channel)  are  0  ..  2  dB  for  the  azimuthal  channel  in 
Navigation  mode. 

The  above-mentioned  signal-to-interference 
protection  ratios  were  obtained  for  the  cases  of 
switching  on  the  airborne  failure  indicators  of  the 
Navigation  channels  of  the  ARNS  equipment. 

3.  PROCEDURE  OF  THE  EMC  ESTIMATION 
BETWEEN  ARNS  AND  IS-95  CDMA  SYSTEM 

The  obtained  values  of  protection  signal -to- 
interfcrence  ratios  can  be  used  in  the  original  procedure 
which  allows  to  calculate  the  permissible  number  of 
BS  (IS-95)  and  their  performance  in  order  to  provide 
EMC  with  REE  ARNS  while  operatng  in  shared  band. 
The  core  of  the  procedure  is  as  follows: 

1.  Calculation  of  the  useful  signal  power  at  tire 
airborne  receiver  azimuth  channel  input  (fig.2): 

p  _P,  GfGf-^-A  A 

(4^RS)2 

where  Pr  -  power  measured  at  an  airborne  receiver 
input.  W; 

Pt  -  land  beacon  transmitter  power,  W; 

Gt  -  land  beacon  antenna  gain; 

Gr  -  airborne  antenna  gain; 

X  -  wave  length,  m; 

pt  -  transmitter  cable  losses  factor; 


Fig.2 
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pr  -  factor  of  losses,  caused  by  receiver  and 
transmitter  mutual  antenna  patterns  fluctuations; 

Hr  -  height  of  airborne  receiver,  m; 

R*  -  distance  between  land  beacon  and 

an  aircraft  (R.-3600  •  yj Hr  ),  m. 

2  Calculation  of  the  maximum  integral  BS 
interfering  power  Pi  measured  at  an  airborne  receiver 
input.  At  worst  an  aircraft  is  situated  at  Hr  height  above 
the  center  of  the  So  area  with  uniformly  deployed  base 
stations  (fig.2).  This  follows  from  the  fact  that  in  this 
case  the  sum  of  distances  between  the  corresponding 
BS  and  an  aircraft  would  be  minimum. 

Let’s  divide  the  total  coverage  S0  into  k 
concentric  rings  with  Sj  area  of  each  ones,  j=l...k. 
Then  P£  can  be  defined  as: 


p.=Zb 

j=1  - 


N 


BS  ' 


So-Rj 


where 


B= 


PtBS  '  GtBSj  •  Gr  •  A  •  Kpol 


(4  nY 


Here 

Pas  -  BS  transmitter  power  (the  same  for  all 

BS),  W; 

Gas.)  —  BS  (j)  antenna  gain  in  the  direction  of 
an  aircraft  (assume  them  approximately  equal  to  each 
other); 

Kpoi  -  polarization  factor, 

NBs  -  the  total  number  of  BS; 

Rj  -  distance  between  the  cen  ter  of  (j)  ring 
and  an  aircraft,  m. 

S0  -  BS  network  coverage,  m2; 

Sj  -  square  of  (j)  ring,  m2; 

Let’s  Sj  — >0.  Then  the  limit  of  sum  can  be 
defined  as  (fig.2): 

lim  =  f B •  — ds  = 

V“>  j  S„  ■  R2j  Z  S0  •  R2 


ro  2n 

“I  J  B 

r=0  a=0 


N 


BS 


7K20  ■  (r2  +  H2r) 


-dardr , 


were  Q  -  the  surface  of  S0  square; 

r  -  radius-vector,  changes  from  0  to  r0.  m; 
a  -  angle  between  tire  initial  and  current 
position  of  radius-vector,  changes  from  0  to  2rc,  rad. 

Accomplishing  this  integral  we  obtain  the 
final  expression  for  P£: 


Pi= 


BN 


BS 


r2o 


Let’s  denote  the  protection  signal-to-  interference 
ratio  as  A.  Equating  A  P£  to  the  given  useful  signal 
power  at  an  airborne  receiver  input  Pr  we  have  the 
following  equation: 


A  Pl(  PtBS;  Nbs...)  -  Pr- 

Solving  this  equation  considering  NBs  to  be  an 
unknown  quantity  and  given  values  of  P^s  and  other 
parameters  we  can  determine  the  maximum 
permissible  number  of  simultaneously  working  BS  (the 
sources  of  interference)  within  network  coverage  S0. 

4.  CONCLUSOINS 

Taking  into  consideration  the  described  procedure 
and  protection  ratios  there  was  developed  the  system 
design  of  IS-95  network  in  Moscow  and  Moscow 
region.  It  was  obtained  that  there  can  be  deployed  26 
BS  with  13dB  ERP  of  each  ones  on  non-interfering 
basis  with  REE  ARNS  equipment. 
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The  external  field  of  coaxial  cable  under  various 
conditions  was  examined.  New  analytic  dependencies 
for  the  components  of  the  external  electromagnetic 
field,  produced  by  the  spread  currents  and  eccentricity 
of  conductors,  were  obtained.  The  field  features  of 
coaxial  cable  with  the  slot  on  the  external  wire  were 
examined.  The  data  of  the  experimental  verification  of 
the  obtained  results  is  given. 

1.  INTRODUCTION 

In  the  classical  literature  the  theory  of  signals 
transmission  via  coaxial  cables  is  worked  out  completely 
enough  [1,2].  But  the  external  electromagnetic  field  of 
coaxial  cables  (CC)  and  its  characteristics  are  very  often 
not  analyzed  and  only  those  its  parameters,  that  allow  to 
evaluate  the  influence  on  the  nearby  other  electric 
circuits,  communication  lines  or  the  circuit  formed  by 
the  external  wire  of  CC  and  the  medium,  were  it  is 
located,  are  examined.  Coupling  resistance  Zc,  that 
depends  on  the  features  of  the  shielding  cover  of  the 
cable  and  is  measured  in  linear  resistance  units,  is  one  of 
these  parameters.  But,  solving  the  problems  of 
electromagnetic  compatibility,  it  is  not  always  efficient 
to  use  such  parameters  as  coupling  resistance  Zc  , 
because  in  this  case  the  influence  of  CC  should  be 
analyzed  conformably  to  the  specific  second  circuit  of 
line.  Such  approach  eliminates  the  possibility  of 
parasitic  emissions,  the  analysis  of  their  features  and 
level.  Such  problem  can  be  solved  by  evaluation  of  the 
CC  external  field. 

The  theory  of  signals  transmission  accepts,  that  CC 
is  a  highly-shielded  electromagnetic  system,  that  doesn't 
possess  the  external  field.  The  last  may  take  place  only 
in  the  case  if  CC  possesses  superconducting  external 
cylindrical  conductor  (shield),  the  axis  of  which  concurs 
with  the  axis  of  the  internal  (central)  conductor  and  CC 
itself  is  located  in  the  non-conducting  medium  (e.g.:  in 
the  air).  Some  aspects,  concerning  the  CC  external 
field,  are  examined  in  [3,4],  but  in  these  works  the 
influence  of  the  medium  parameters,  where  CC  is 
located,  is  not  considered. 

In  the  report  the  CC  external  field,  depending  upon 
the  medium  influence,  where  CC  is  located,  and 


constructive  technological  heterogeneity  of  the  cable,  is 
examined.  The  solution  of  such  problem  takes  into 
consideration  such  factors,  which  were  not  considered 
before,  and  allows  to  examine  both  coinfluence  of  CC 
and  other  circuits  and  defining  of  their  shielding  in  the 
mediums  with  various  feature,  where  CC  is  located. 

The  solution  are  obtained  on  the  basis  of 
examination  of  the  number  of  extreme  electrodynamics 
problems.  The  simplifications  used  in  every  model 
allowed  to  define  the  mechanism  of  forming  and  the 
type  of  external  field  distributions  under  different 
conditions.  The  following  models  were  examined:  axis- 
symmetric  CC  in  the  conducting  medium,  CC  with 
technologic  eccentricity  of  the  conductors,  CC  with  the 
slot  in  the  external  conductor.  The  analysis  was  done  for 
the  frequency  range  1  04-h  1 07  Hz.  It  was  assumed,  that 
medium  conductivity  may  equal  up  to  4  S/m,  what 
corresponds  the  cable  location  in  the  soil,  ground 
saturated  with  highly  mineralized  water  or  sea  water  [2], 

2.THEORETICAL  ANALYSIS 

The  examination  of  the  axis-symmetric  CC  in  the 
semiconducting  medium  with  the  cable  and  medium 
parameters  taken  into  consideration,  when  the  currents 
in  the  cable  conductors  are  not  equal,  what  differs  from 
the  approach  used  in  the  classical  literature,  allowed  to 
define,  that  the  external  field  is  formed  by  the  spread  of 
currents  from  the  external  cable  conductor  to  the 
medium.  The  external  field  then  is  circular-symmetric 
and  is  described  by  the  Ez,  and  Er  components.  For 
the  calculation  of  the  external  electromagnetic  field 
components  under  /  >105  Hz  to  within  +10%  it  is 
possible  to  use  the  following  approximate  formulas: 

r~k 

Ez=IA^-^-Hf(fi]kmr)e  (1) 

m 

Er=IA-£-H\'\f]kmr)e-V, 

m 

where 


160 


A  = 


‘V 


!j^m.e-x+j<p 
r,c r 


•Jl  +  (0,88-  l,271nT&mr2)2 


cosx  -  (0,88- 1,27  In  Tkr.)  sin  x 

(p  =  arctg - — — - - - ^ - , 

sin  x  +  (0,88-  l,271nr£mr4)cosx 


t  =  r3-  r2,x  =  ^jL,kc  =  Jco^<jctkm  = 

In  this  case  km  ,  am-  is  a  wave  number  and  conductivity 
of  medium;  kc ,  ac-  the  same  parameters  of  the  external 
cable  conductor;  y  -  field  distribution  constant;  /  - 
current  in  the  cable;  -  Hankel  functions  of  the 

first  level  of  zero  and  first  degree;  r2,  r3,  r4  -  radiuses  of 
the  cable  external  wire  and  of  its  isolation. 

The  conducted  quantitative  analysis  by  the  formulas 
(1)  and  the  formulas  obtained  for  CC  without  isolation 
of  the  external  wire,  showed,  that  under />  1  MHz  in  the 
semiconducting  medium  (<xm  a  1  S/m),  the  high 
frequency  grounding  of  the  external  wire  takes  place  and 
the  external  field  doesn't  depend  upon  the  isolation  of 
the  external  conductor. 

The  examination  of  the  CC  in  the  semiconducting 
medium  allowed  to  define  the  presence  of  two  own 
waves  in  it,  that  possess  the  distribution  constants  y  and 
ym  .  The  obtained  formulas  for  y  and  ym  showed  that  y  is 
close  to  the  CC  distribution  constant  used  in  the 
literature  [1],  and  ym  is  close  to  wave  number  of  the 
medium  km  and  in  the  semiconducting  medium  is  higher 
a  number  degrees  than  y.  Constant  ym  affects  noticeably 
on  field  distribution  only  near  the  ends  of  the  cable  and 
heterogeneity,  where  due  to  wave  superposition  field 
distribution  along  the  cable  is  of  unmonotonous, 
pulsating  type.  On  Fig.l  such  dependence  for  CC  1  km 
long  in  the  semiconducting  medium  under  some  fixed 
frequencies  is  given. 


To  define  the  influence  of  the  constructive  heterogeneity 
on  the  CC  external  field  the  cable  with  conductors 
eccentricity  under  the  condition  of  equality  of  direct  and 
reverse  currents  in  the  cable  conductors  was  examined. 
The  external  field  then  is  not  axially  symmetric  and  is 
defined  by  the  H ^  Ez,  and  Hr  components.  In  this  case 
the  external  field  of  CC  in  the  air  is  equivalent  to  the 
field  of  two-wired  line  with  the  distance  between  the 
wires  equal  to  some  calculated  eccentricity: 


2s 
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£  -  cable  conductors  eccentricity. 

As  the  CC  with  the  slot  on  the  external  wire  the 
cable,  the  external  wire  of  which  has  the  slot  in  the 
shape  of  sector  cut  (Fig.2)  was  used.  It  is  rather  hard  to 


Fig.  2 


obtain  field  distribution  in  such  model,  so  the  number  of 
particular  cases  were  examined.  Cable  conductors  were 
considered  ideally  conductive.  The  algorithms  for  the 
field  components  were  obtained  as  an  unlimited  system 
of  linear  algebraic  equations,  which  is  solved  by  the 
method  of  successive  approximation  [5,6].  The  obtained 
algorithms  allowed  to  define  amplitude-frequency 
parameters  of  the  field,  that  goes  through  the  slot.  It  is 
shown,  that  near  the  slot  the  zone  of  higher  level  of  the 
field  increases  to  some  extent  when  the  frequency 
increases;  this  shows  qualitative  change  of  frequency 
dependence  of  the  cable  external  field  in  this  case.  Field 
level  is  defined,  generally,  by  the  width  of  the  clearance. 
Azimuthal  field  distribution  is  unmonotonous  and  the 
more  complicated,  the  higher  frequency  is  and  the 
closer  it  is  to  the  cable  axis.  The  field  is  defined  by  H p 
Hn  Ez,  Ep  Er  components.  Depending  upon  the  distance 
r,  the  field  on  the  side  of  the  slot  is  decreasing  as  1/r2, 
and  on  the  opposite  side  -  much  slower.  The  general 
scheme  of  field  distribution  is  shown  on  Fig.  3.  The 
conducted  calculations  showed,  that  under  the  frequency 
f  >1  MHz  CC  has  the  emission  through  the  slot.  The 
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resulting  CC  external  field  is  defined  by  the  influence  of 
all  examined  factors.  Any  of  the  factors  can  perform 


major  influence  depending  upon  frequency  range, 
medium  parameters  and  cable  constructive  parameters. 

3. EXPERIMENTAL  RESEARCH 

The  result  given  were  partially  proved  by  the 
experiments.  The  measured  values  of  Hv  component  of 
the  cable  external  field  (RK-7 5-9-1 1  in  the  air)  under  the 
frequencies  0,01h-10  MHz  gave  a  good  coincidence  with 
the  formula  (2)  calculation  results  for  the  CC  with 
conductors  eccentricity.  The  conducted  measurements  of 
frequency  dependencies  H,p  component  of  the  CC  field 
in  the  conducting  medium  with  the  frequency  range 
0,l-i-10  MHz  showed  good  coincidence  with  the  formula 
(1)  calculated  data  for  the  CC  field  formed  by  spread 
currents.  The  scheme  of  spatial  field  distribution  of  the 
CC  with  the  slot  in  the  semiconducting  medium  was  also 
experimentally  proved. 

4.CONCLUSIONS 

1. The  CC  external  electromagnetic  field  may  be 
formed  by  spread  currents,  eccentrical  conductors 
placement  or  emission  through  the  slot  on  the  external 
conductor,  depending  upon  the  operating  frequency 
range,  medium  parameters  and  constructive 
heterogeneity  of  the  cable  conductors.  The  levels  of  this 
field  components  and  its  spatial-frequential  parameters 
are  defined  by  the  new  analytic  dependencies,  obtained 
in  this  work,  which  were  partially  checked 
experimentally.  Especially,  in  the  air  the  CC  external 
field  might  be  formed  by  its  conductors  eccentricity 
or  emission  through  the  slots  in  the  external  wire, 
depending  upon  the  operating  frequency  range. 

2.  When  CC  is  located  in  the  semiconducting 
medium  the  existence  of  parts  near  the  end  and 
heterogeneity  along  the  cable  length,  where  the  pulsating 
of  the  field  components,  because  of  the  presence  of  two 
own  waves  in  such  cable  takes  place. 


3.  When  there  is  a  slot  on  the  CC  external  conductor 
the  qualitative  change  of  frequency  dependencies  of  the 
field  is  observed,  i.e.  near  the  slot  field  components  in 
the  zone  of  higher  level  increase  to  some  extent  with  the 
increasing  of  frequency. 
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Abstract 

The  paper  deals  with  measurements  of  signals 
emitted  by  a  radiocommunication  transmitter 
during  transient  states.  Traditional  measures  and 
measurement  methods  are  briefly  described.  The 
method  for  transients  evaluation  based  on  Short- 
time  Fourier  Transform  (STFT)  is  presented  and  its 
features  are  discussed.  The  paper  contains  results 
of  simulations  as  well  as  measurements  of 
exemplary  transmitter. 


1.  INTRODUCTION 

Recently  we  can  observe  a  rapid  development  of 
radiocommunication  equipment  from  simple 
radiotelephones  to  sophisticated  terminals  working 
in  cellular  networks.  Many  of  them  work  in  systems 
requiring  frequent  switching  the  transmitter  on  and 
off.  After  switching  the  transmitter  we  can  observe 
its  transient  behaviour  i.e.  RF  power  and  carrier 
frequency  are  changing  towards  their  nominal 
values.  Moreover  a  rapid  growth  of  RF  power 
makes  the  output  signal  spectrum  broader. 
Transient  state  duration  depends  on  a  kind  of 
transmitter  and  in  case  of  radiocommunication 
transmitters  can  last  from  few  ps  to  tens  of 
milliseconds. 

During  this,  relatively  short,  period  the  transmitter 
can  be  a  source  of  interference.  This  is  the  reason 
for  detailed  investigation  of  transients  and  for 
development  of  advanced  methods  and 
instrumentation  for  radiocommunication  transmitter 
testing  [4], 


2.  MEASURES  AND  METHODS  FOR  TESTING 
TRANSIENTS 

Phenomena  occurring  in  the  transmitter  during 
transient  state  cause  changes  of  output  spectrum 
and  emitted  power.  This  is  the  reason  that 
measures  describing  transmitter  behaviour  are 
based  on  these  quantities.  The  way  these  values 


are  changing  in  time,  specific  to  particular 
transmitter  is  usually  investigated.  Curves 
corresponding  to  these  changes  are  the  basis  for 
attack  and  release  time  determination  and  give 
answer  to  the  question  if  instantaneous  carrier 
frequency  and  power  values  do  not  exceed  the 
appropriate  limits.  An  example  of  test  arrangement 
traditionally  used  for  transmitter  transient 
measurements  is  shown  in  figure  1  [6], 


Fig.  1.  Traditional  measurement  arrangement  for 
transients  evaluation 

Another  aspect  of  transients  is  RF  power  delivered 
to  the  adjacent  channel.  The  intensity  of  this 
emission  is  estimated  by  adjacent  channel 
transient  power.  Generally,  the  point  of  the  method 
is  to  catch  a  peak  value  of  RF  power  detected  in 
adjacent  channel  during  transient  state.  The  signal 
is  measured  at  the  output  of  the  intermediate 
frequency  filter  specified  in  standard  [6], 


3.  APPLICATION  OF  STFT  FOR  EVALUATION 
OF  TRANSIENTS 

Great  advances  in  signal  processing  and 
development  of  computer  equipment  are  stimuli  for 
development  of  measurement  methods  and 
instruments. 

The  essence  of  proposed  method  is  the  calculation 
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of  required  parameters  using  set  of  transmitter 
output  signal  samples.  Generally  there  is  no 
problem  with  determination  of  RF  power 
behaviour.  Digital  detection  and  low-pass  filtering 
will  do.  More  problems  can  be  encountered  with 
calculation  of  frequency  behaviour. 

The  proposed  method  is  based  on  Short-time 
Fourier  Transform.  STFT  can  be  described  by 
equation  (1)  [3]. 


oo 

STFT(n,co)=  ^x(m)w(n  -  (1) 

m  ss-oo 


where: 

x(n)  -  discrete  time  signal 

w(ri)  -  analysis  window 

Transformation  maps  one-dimensional  function  of 
time  into  the  two-dimensional  function  of  time  and 
frequency.  From  the  processing  point  of  view 
STFT  calculation  depends  on  evaluation  of  FFT  for 
subsets  of  samples  falling  into  the  window  w(n) 
that  is  sliding  along  set  of  signal  samples.  From 
the  signal  image  in  the  time-frequency  plane, 
frequency  behaviour  can  be  easily  determined. 

Properties  of  measured  signal  have  great  influence 
on  the  method.  Transmitter  signal  spectrum 
components  usually  are  lying  in  the  vicinity  of 
nominal  carrier  frequency.  In  such  case  standard 
FFT  algorithm  does  not  provide  enough  resolution 
for  signal  frequency  determination.  The  signal 
should  be  moved  to  lower  frequencies  (fig  2)  thus 
FFT  resolution  can  be  changed  from 


dfi=fSi/Nn 

to 

(2) 

df2=fs2/N2 

(3) 

where:  Ni,  N2  -  window  lengths 

There  is  a  contradiction  concerning  length  of  the 
window.  Longer  one  provides  better  frequency 
resolution  but  location  in  time  is  worse. 

1 S— ►  « B 

fi  fS2/2 


fl  fSl/2 


Fig.  2.  Moving  the  spectrum  to  lower  frequencies 
T  -  signal  carrier  frequency, 
fi  -  intermediate  frequency, 

B  -  signal  bandwidth, 

fsi,  fs2~  sampling  frequencies 


A  choice  of  intermediate  frequency  (fi)  and  thus 
new  sampling  frequency  (fs2)  (Nyquist  criterion) 
should  be  based  on  a  type  of  transmitter  or  should 
be  preceded  by  preliminary  estimation  of  the  band 
(B)  occupied  by  the  signal. 

The  operation  of  down-conversion  is  done  in  digital 
complex  mixer  (fig  3).  Besides  increase  in 
frequency  resolution  there  is  another  advantage, 
the  length  of  the  signal  record  is  significantly 
reduced.  It  is  done  by  resampling  (retaining  only 
samples  corresponding  to  new  sampling 
frequency). 


Fig.  3.  Signal  processing  according  to  proposed 
method 

FFT  results  are  further  refined  by  zero-padding  i.e. 
extending  set  of  samples  with  zeros.  This  way  the 
accuracy  of  estimating  the  frequency  of  spectral 
peaks  (dfz)  is  enhanced. 


dfz  =  fS2/Nz  (4) 

where  Nz  -  total  number  of  analysed  signal 

samples  and  padding  zeros. 


Fig.  4.  Test  arrangement  for  measurement  of 
transients 
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Test  arrangement  that  have  been  used  for  signal 
acquisition  (fig.  4)  is  simpler  than  the  traditional 
one  (fig  1).  In  both  cases  investigation  of 
transmitter  working  at  higher  frequencies  requires 
use  of  additional  mixing  stage. 


4.  FEATURES  OF  THE  METHOD 

Features  of  the  method  were  investigated  by 
carrying  out  software  simulations.  Obtained  results 
should  be  referred  to  requirements  that  can  be 
found  in  standards  dealing  with  measurement  of 
transients  in  radiocommunication  transmitters 
[5], [6]. 


frequency  deviation  [kHz] 


time[ms] 


Standards  require  RF  power  and  frequency 
evaluation  for  levels  above  -30  dBc.  This 
requirement  can  be  easily  fulfilled  for  oscilloscopes 
providing  effective  8-bit  resolution. 

Required  uncertainty  of  transient  frequency 
measurement  is  equal  to  250  Hz  [5],  If  we  assume 
fS2=100kHz  and  Nz=512  (values  that  have  been 
used  for  measurements)  the  accuracy  of  frequency 
determination  is  about  200  Hz. 

Another  demand  concerns  capability  of 
measurement  of  signals  with  fast  frequency 
changes.  In  some  standards  discriminator  fast 
enough  to  display  the  frequency  deviations 
(1  kHz/ps)  is  required  [6].  Dynamic  features  of  the 
method  have  been  investigated  with  the  use  of 
simulated  signals.  Test  signal  carrier  frequency 
has  been  equal  to  30  MHz.  Signal  has  been  down- 
converted  to  20  kHz  and  resampled  at  100  kSa/s. 
STFT  has  been  calculated  for  16  and  32  sample 
sets  (Barlett  window  was  used).  In  both  cases 
signal  record  has  been  zero-padded  to  512 
samples. 

Figure  5  presents  frequency  deviation  of  test 
signals.  Results  of  calculations  are  shown  in 
figures  6  and  7. 


Fig  6.  Results  of  calculations  performed  for  test 
signals  (window  covered  16  signal  samples) 


frequency  deviation  [kHz]  time[ms] 


Fig  7.  Results  of  calculations  performed  for  test 
signals  (window  covered  32  signal  samples) 

The  method  with  chosen  signal  processing 
parameters  does  not  fulfil  requirement  that  is 
mentioned  above.  For  these  settings  error  of 
frequency  evaluation  will  be  less  than  5%  for 
signals  whose  frequency  is  changing  slower  than 
10  Hz/ps. 


frequency  deviation  [kHz]  time[ms] 


Fig  5.  Test  signals:  a)  10  Hz/ps,  b)100  Hz/ps 


Responses  to  test  signal  are  shifted  in  time.  The 
main  reason  for  this  "timing  advance"  is  the  length 
of  the  window. 


5.  EXEMPLARY  MEASUREMENTS  AND 
RESULTS 

Proposed  test  setup  has  been  used  for  estimation 
of  frequency  changes  during  transient  state  of  CB 
transmitter  working  at  27  MHz.  The  signal 
acquisition  has  been  made  using  HP  54645A  (8 
effective  bits,  lOOMSa/s).  Parameters  used  for 
STFT  evaluation  have  been  the  same  as  for 
described  simulations.  Spectrogram  obtained 
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during  measurement  is  presented  in  fig.  7. 


6.  CONCLUSIONS 


frequency  [kHz] 


I - 1 - 1 - 1 - 1 - 1 - 1 - 

time 

0  1  2  3  4  5  6  [ms] 


Fig.  7.  Spectrogram  of  output  signal  of  investigated 
CB  transmitter 

The  results  of  frequency  behaviour  measurement 
have  been  verified  by  means  of  modulation 
analyzer  HP53310A.  Obtained  results  are 
presented  in  figures  8  and  9. 


delation  [kHz]  time  [ms] 

0  1  2  3  4  5  6 


Fig.  8.  CB  transmitter  transient  frequency 
behaviour  -  results  from  modulation 
analyzer  and  proposed  method 


[kHz]  time  [ms] 

0  1  2  3  4  5  6 


The  method  seems  to  be  a  good  solution  for 
preliminary  estimation  of  transmitter  behaviour 
during  transient  state.  Proposed  measurement 
arrangement  is  significantly  simplified  in 
comparison  with  traditional  one.  Signal  acquisition 
requires  use  of  instrument  equipped  with  fast  A/D 
converter  and  large  memory  for  collected  samples. 
This  barrier  can  be  omitted  by  utilisation  of 
additional  mixing  device  in  front  of  storage 
oscilloscope.  Software  for  calculation  of 
parameters  can  be  run  on  a  standard  Pentium 
class  PC. 
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ABSTRACT 

Major  demand  of  services  in  telecommunication 
systems  are  taking  place  at  local  network  and  at 
the  same  time  Electromagnetic  Compatibility 
(EMC)  problems  are  growing.  In  this  paper  an 
approach  for  the  EMC  analysis  of  local  network  is 
developed  on  the  basis  of  queuing  systems.  With 
this  approach  the  noise  immunity  evaluation  is 
rather  realistic,  it  can  be  used  for  weak  point 
identification  of  the  system  and  determine  of 
interference  tolerance  level. 

Keywords:  Communication  network, 

Measurement  Systems,  Noise  immunity. 

I.  INTRODUCTION 

Industrial  processes  efficiency  is  leaning  on 
communications  systems  and  the  network  local  is 
growing  because  major  changes  are  taking  at  the 
same  time  in  related  measurement,  computing, 
communications  technologies  [1], 

Electromagnetic  Compatibility  (EMC)  problems 
do  not  wait  and  some  analysis  have  done  on  this 
matter  that  including  digital  communications 
systems  [2,  3].  In  any  local  network,  there  are 
many  storage  devices  and  behavior  of  them 
depend  on  the  interaction  of  the  system  workload 
and  of  the  system  resources.  This  problem 
basically  is  called  traffic  queues,  which  interact  in 
the  sense  that  messages  departing  from  a  node  can 
enter  one  or  more  other  queues,  which  in  turn  can 
simultaneously  be  accepted  traffic  from  other 
queues.  This  analysis  for  communication 
networks  has  received  much  attention  [4],  but 
EMC  problems  are  often  not  fulfilled  for  instance 
at  high  frequency  the  level  of  radiation  and 


susceptibility  are  not  defined  about  all  high  traffic 
of  acquisition  data  systems  in  measurement 
process. 

The  purpose  of  this  paper  is  to  develop  an 
approach  for  analysis  of  noise  immunity  in 
presence  of  multitude  of  interference  at  network 
local  using  queues  theory. 

II.  RADIAL  LOCAL  NETWORK  ANALYSIS 

Let  us  investigate  the  network,  illustrated  on  the 
figure  1 .  The  system  depicted  there  represents  the 
conventional  multichannel  measurement  set. 
radial  local  network  for  computer 
communications,  etc. 


TR  Transponder  of  the  customer  2tf=3 

EP  Individual  Processor 

Figure  I.  Radial  structure  of  the  communication  network 

For  many  practical  cases  the  structure  shown  in 
the  previous  figure  is  adapted  together  with  the 
following  assumptions. 

a)  Customers  can  be  modeled  by  mean  of  the 
transponder  set  with  band-path  |A /•) }  ^ 

b)  Individual  processors  (/Rf)  can  be  modeled 
by  a  queuing  system  GI/G/1,  with  intensity 
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for  demands  ar>d  intensity  for 

processing 

c)  Capacities  of  j //)  }  j  are  sufficient  and  its 
results  with  probabilities  (9,)  are  passed  to 

central  server  (CS),  which  is  modeled  by  a 
queuing  system; 

d)  The  structure  of  the  figure  1  is  corrupted  by 
statistically  independent  electromagnetic 
interference  sources,  mainly  of  man-made 
nature,  which  are  modeled  as  pulse 
interference  Poisson  streams  with  intensities 

{ve}^  and  with  Log-Normal  amplitude 

distribution: 


fV(V)  =  .  exp 

•J2nae 

where  V  -random  amplitude  of  the  interference 
pulse; 

{be }  |A/ ,  {oe }  ^  -distribution  parameters 


Where  Q-  average  length  of  the  queue  (waiting 
line);  tp  -represents  the  increment  of  waiting  line 
in  presence  of  interference  in  different  points  of 
the  system,  comparing  with  the  interference 
absence  conditions. 

Due  to  interference  affecting  each  processor,  or 
set  of  processors,  CS  (central  server)  can  be  in 
two  general  states:  working  or  breakage  (not 
working)  and  transformation  from  one  to  another 
(and  vise-versa)  follows  to  Poisson  law  with 
intensities  v12  and  V21  respectively. 

Note:  One  not  have  to  be  confused  with  this 
process  and  do  not  mix  it  with  random  structure 
conditions,  which  depends  only  to  information 
from  the  sensors  and  follows  the  rules  of  the  way, 
how  the  CS  is  serving  together  with  IPj : 
(random  structure  regime  in  the  previous  sense 
has  nothing  to  do  with  interference) 

IPj ’s  errors  include  arbitrary  interference  and 
error  correcting  codes  with  the  proper  margin 
range;  then,  it  is  necessary  to  consider  in  number 
of  observation  point,  that  is  given  by: 


Now,  the  problem  is  the  noise  immunity  analysis 
of  the  whole  system  in  the  output  terminal  in 
nontrivial  conditions,  when  the  interference 
sources  are  distributed  along  the  network  stages. 

III.  ANALYSIS  OF  NOISE  IMMUNITY 


L 


vp  =  5>;  L  -  3,4 

(3) 

7=3 

4  1 

v2i  =  I  - 

y~3  Tj  -  AT 

(4) 

For  the  evaluation  of  the  noise  immunity  of  the 
local  network  in  the  mentioned  environment,  an 
approach  is  proposed  with  following  basic  ideas. 

Work  discipline  of  the  set  { IPj  j  together  with 

CS  can  be  described  by  means  of  queuing  system 
with  random  structure,  (and  in  each  arbitrary  k- 
state  it  can  be  modeled  by  mean  of  GI/G/1  with 
X  ^ k  =  \,M,  where  M-number  of 
Random  States  of  the  system  {M  *  N)  is  given 
by: 

N  K 

CN  =  M  0) 

The  qualitative  parameter  for  system  evaluation 

is: 


Q  /  Vve,|ig,i  e  =  0  ’ 


Where  -A-  margin  range  of  the  code;  T-symbols 
internal;  7}  -  average  burst  interval. 

Then,  assuming  that  in  point  1  to  point  2  of  the 
figure  1,  one  has  aggregate  interference  to  desired 
signal  and  if  pulses  interference  succession  are 
statistically  independent,  the  distribution 
parameters  are: 

2  ,  2  2 
Pi  =  *oF  U  ct]  =ctj,  vj  =  V] ; 

In  general  case  k0  can  be  evaluated  from 

k-o  I  k max  5  ^fefpp 
kmax  ~  *«|*0<d)| 

A(jco)  transfer  function  of  the  amplifier. 


V=  20/og10 
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In  case  of  bursts  of  interference,  while  they  are 
passing  through  TRN  ,  pulses  in  the  burst  get  to 
be  overlapped. 

The  number  of  overlapped  pulses  are: 


no/e  ~ 


1 

Affefpp 


then 


V-\no/e’  <5> 


_(2)  _ 

«1  ~n\ 

At  the  A/D  input  we  have  interference,  which  get 
there  from  point  1  and  passed  from  point  2 
directly;  assuming  A/D  as  an  uninertial  devices 
one  has  for  intensity  for  demands  in  point  3: 


^3) 


=  vj  +  V2  +  «i  +  ^2  +  X  2 


(6) 


where  X2  signal  demands  in  point  2. 

In  absolutely  similar  way  one  can  make  an 
evaluation  of  the  set  of  {//>/}  with  CS  in  k 
regime,  where 


(4) 


For  analysis  of  system  GI/G/1  (obviously  it 
depends  to  point  3)  with  random  structure  in  k 
state,  one  also  can  use  SDE  approach  for  so-called 
diffusion  approximations  of  Gl/G/1  [5]  If  q ^ 
instantaneous  number  of  demands  at  the  set  of 
IP, }  and  CS  in  k  state,  then  [6]: 


Vk  ~{Lk  +^=INP.K.)X('qk+^ 

-(bkH,k)'iqk-0) 


(7) 


where  k- 1,  M\  £,/yvp  k •  j:  independent  white 

noise  with  power  spectrum  densities: 

Lkm  1NP.K\'  bkmINP:K  resPect‘vefy: 

2  2 

mlNP\K\  ms  variances  of  the  intervals  between 

demands  and  between  services  periods 
respectively;  !(•)  -unit  step  function. 


Where 


%  =  /(<?)  +  g(<?)£(  0  (7a) 

/(?)  =  U(?  +  0)-M(<7-0), 


g{q)  =  jm]NP  +bm]  4(/) 

of  unique  intensity. 


white  noise 


According  to  [6]one  has  for  probability  density 
function  in  stationary  conditions: 


wsr(q)  = 


2pexp|  - 


2  P<? 


.(l-7to)  +  7to5((7-0) 


a 


(8) 


where  7i0  probability  for  the  event  of  q=0\ 
a  -Xmj^p+bmj;  p  =b-\  assuming  full  load 
i.e.  7r0=  0 

For  mr  {q}  one  can  get  from  (8): 


,  ,  .  Ty  +  l  r (y  +  1) 

=  { . '2  -  - '  , 

(2p/a)^  (2p/a)“ 

For  y  =  1 ,  what  is  practically  important. 


(9) 


1 


(2p/ct)‘ 

For  M>1  one  can  get  [8]: 


-( A/  =  l) 


M 


Pk(X  k -bk)  =  0 


M 


f_Q\kh~^k)  = 


INP.k  +°k 


+  bi,m 


Ik) 


(10) 


Where 

Q\k=PkMPk}^  probabilities 
for  each  “A”  state,  which  have  to  satisfy  (10). 


_  M  _ 

Q\  =  £Q\k  CO 

k  =  1 


Let  us  rewrite  (7)  in  the  canonical  from  which  is  Formula  (1 1)  concern  to  point  3 

stochastically  equivalent  to  (57)  taking  M  =  1  (for 

simplicity);  one  has  [5]:  Therefore,  from  (1 1)  one  has 
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(12) 


—  (4) 

Where  '  is  the  average  length  of  queue 

(waiting  line)  for  CS  it  self  (point  4),  X  can 
be  format  as. 


Then  from  (3),  (10),  (4),  (6),  (13),  and  etc. 
HP  =  1.6  dB,  which  show,  that  the  average  length 
of  queue  increases  insignificantly. 

IV  CONCLUSION 

The  main  advantages  of  the  proposed  approach 
are: 


A  =  £  6-^0  /  and  CS  can  be 

K  i=0 

modeled  by  M/M/1  system  with 
Vj  =  y  and  V2/  =  5  (see  (4)),  then  from  (10)  one 
get  (M=2): 


e,(4)<A(4)( 


mmp +m 


y 

+  — 1  + 
5, 


6(4)y/5 


(5  +  y)26(4)  1-A  (4) /i(4)(l  +  y /feWj 


(13) 

Let  us  take  advantage  of  numerical  example,  with 
the  following  dates  (neglecting  interference  at 
point  4) 


A ffeff  =  1 0kHz,  v,  =102  P/s, 

T4  ~  ^  max  —  e  =  1  /  £  = 

7.  ,  _  1A4  burst 

7  =  4 is,  ne  -  10  - ; 

s 

Te  =  1  Op.v  /  e  =  2;3;  A  (3)  /  6(3)  =0.3; 

«2  +V1  +v2  =0-15;  «/w>  =2; 

y  /8  =  o.l 


1.  Noise  immunity  for  communication  systems 
depends  in  general  to 

v,,  nh  jj-y ,  o/  |Ar/0'co)|; 

2.  Total  noise  immunity  evaluation  in  local 

network  with  rather  realistic  assumptions; 

3.  Determination  of  the  system  “weak  points" 

which  are  not  protected  against  interference 

influence. 
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ABSTRACT 

Fundamental  theoretical  problems  of  a 
potential  efficiency  of  frequency  adaptive  radio 
systems  in  high  frequency  band  are  indicated  in  this 
contribution.  A  probability  of  the  mutual  interference 
infrequency  adaptive  radio  system  with  N  radio  links 
is  determined  with  respect  to  spatial  correlation. 

1.  INTRODUCTION 

Effective  utilization  of  the  frequency  spectrum 
is  one  of  evolution  trends  on  the  fields  of  system 
conceptions  and  radiocommunication  systems 
technical  realization.  Utilization  of  the  higher 
frequency  bands  with  aim  to  render  new  kind  of  the 
telecommunication  services  is  characteristic  for 
nowadays. 

In  spite  of  that  the  utilization  of  the  short-wave 
band  plays  unsubstitutable  role  in  radiocommunication 
through  it  has  limited  throughput  capacity,  especially 
as  strategic  insurance. 

Physical  characteristics  of  this  band  and  their 
time  unstability  have  led  to  automatisation  and  higher 
form  of  equipment’s  technical  parameter  adaptation. 


2.  CLASSIFICATION  OF  ADAPTIVE  RADIO 
SYSTEMS 

Various  variants  of  a  technical  support  for  radio 
link  adaptation  to  changing  connection’s  conditions 
make  possible  to  classify  adaptive  systems  according: 

•  regulated  parameter  (power,  frequency,  type  of 
modulation,  data  rate  and  combination  of  about 
mentioned), 

•  object  of  regulation  (transmitter,  receiver, 
transmitter  and  receiver), 


•  method  of  the  regulation  (threshold,  extreme, 
and  combined), 

•  method  for  achieving  of  wanted  quality 
parameter  (searching,  analytical,  or 
combination), 

•  method  for  transmission  of  control  commands 
(without  transmission,  in  information  channel, 
in  special  channel,  combinations),  and  these 
channels  can  be  narrow  bandwidth  or  wide 
bandwidth. 

Due  to  contribution  extent,  only  frequency 
adaptive  radio  systems  are  addressed.  Frequency 
adaptation  is  decisive  for  reliable  communication  in 
short-wave  band,  mainly  if  sky  wave  propagation  is 
used. 


3.  POTENTIAL  EFFICIENCY  OF  FREQUENCY 
ADAPTIVE  RADIO  SYSTEMS 

Think  to  adapt  frequency  has  been  bom  earlier, 
in  time  when  group  of  Q  frequencies  has  been  used  for 
increasing  of  communication  reliability  in  classical 
radio  systems. 

If  we  assume  that 

•  all  frequencies  from  group  of  Q  frequencies  are 
suitable  from  radio-wave  propagation  point  of 
view, 

•  frequency  spacing  is  sufficient  to  assume  that 
levels  of  defects  are  independent, 

•  levels  of  signal  and  noise  are  the  same  on  all 
frequencies, 

•  probability  of  connection  on  one  frequency  psl 
is  known, 

•  transition  from  one  frequency  to  another  is 
instantaneous, 

then  resultant  probability  of  connection  on 
group  of  frequencies  will  be  [2] 
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PsQ=1-(l-Psi)Q-  (D 

This  relation  is  displayed  on  Fig.l  for  various 


Q.  It  is  seen  that  although  probability  of  connection  on 
one  frequency  psl  is  quite  low,  if  group  of  frequencies 
is  used,  for  example  Q=10,  high  probability  of 
connection  is  achieved. 


Fig.l.  Resultant  probability  of  connection  on  group  of  Q  frequencies. 


Transition  from  one  frequency  to  other  is  not 
instantaneous  in  real  system,  but  it  takes  a  time  interval 
Tp„i.  This  interval  itself  contains,  the  time  needed  for 
the  working  channel  analyze  from  criteria  for  selection 
of  working  frequency  on  the  base  signal  to  noise  ratio 
(z>Zd0V)  point  of  view,  and  the  time  needed  for 
technical  retuning  of  radio  connection  to  new  suitable 
frequency.  The  time  needed  to  analyze  the  reserve 
channels  may  not  be  assumed,  because  this  analyze  is 
done  parallel  with  operation  of  radio  links.  Probability 
of  connection  over  this  condition  is 

(2) 

1  spr  por 

where  Tspr  is  average  interval  of  the  correct  operation, 
Tpre,  is  average  time  of  retuning  during  average 
interval  of  the  correct  operation  and  Tpo,.  is  average 
interval  of  system  fault. 

Average  time  of  retuning  during  interval  Tspr 
can  be  written  in  form 


Tprel  —  Tspr  '  "X  '  Tprel  >  0) 

where  X  is  average  number  of  retuning  during  unit  of 
time  and  Tpre|  is  average  time  of  retuning. 

After  substitutions  and  arrangements  we 
obtained 

PsQ(z>Zdov)  =  f  V  -(l-X-Vei),  (4) 

*  spr  ■  por 

further 

PsQ(Z>ZdoV)=PiQ-(l-A-Ts)-  (5) 

The  connection  dynamic  and  the  time  intervals 
of  the  system  states  are  displayed  on  Fig.2.  Besides 
time  intervals,  which  have  been  discussed  above,  it  is 
in  Fig.2  labeled  time  interval  of  the  useful  information 
transmission  ts  (time  of  real  communication). 
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Fig.2.  The  operation  dynamics  on  group  of  frequencies. 


The  longer  are  intervals  xs  a  Tprelthe  thinner 

will  be  retunings  and  fewer  retunings  will  be  done  in 
unit  of  time.  So  stream  of  the  work  frequency  changes 
will  be 

I  =  (6) 
Ts  +  Tprel 

Substituting  equation  (6)  into  (5)  we  will  obtain 

/  -  \ 

PSQ  (z  ^  Zdov)  =  PiQ  '  ^ -  •  (7) 

VTs  +  Tprel7 

From  this  is  easy  to  find  how  long  may  be 
average  time  of  retuning  Tpre|  dQV)  if  we  know  the 

required  probability  of  connection 

-  *  s  (PiQ  —  PsQ  dov  ) 

Tprei  dov  5  -  (8) 

'  sQ  dov 

For  example,  if  the  required  probability  of 
connection  is  PsQ=0,9,  xprel  =10  min  a  Q=10,  then 

1 00-0,9)  . 

Tprel  dov-  jjg  *  1  min 

and  PiQ  is  equal  to  one. 

From  what  it  was  discussed  follows,  that  for 
high  values  of  Tprel  neither  will  not  be  achieved 
required  reliability  nor  will  be  obtained  no  gain  in. 


comparison  to  operation  on  fixed  frequency. 

Last  statement  hint  at  fact,  that  successful 
realization  of  operation  on  group  of  frequencies  is  not 
possible  without  complex  solution  for  automatization 
of  the  working  and  reserve  channel’s  analyze  process 
and  without  solution  for  process  of  the  transmitter  and 
receiver  equipment’s  retuning. 

This  requirement  has  led  to  the  considerable 
technical  changes  in  receivers  and  transmitters 
construction.  As  example,  the  present  time  transmitters 
of  middle  power  are  able  to  realize  a  frequency 
maneuver  about  1  to  1.5  seconds  and  transmitters  of 
low  power  about  0.5  seconds.  Retuning  of  receivers  is 
about  a  few  milliseconds  [1], 


4.  PROBABILITY  OF  MUTUAL 
INTERFERENCE  OF  FREQUENCY 
ADAPTIVE  RADIO  SYSTEMS 

Next  actual  problem  connected  with  using 
frequency  adaptive  radio  systems  is  determination  of 
mutual  interference  in  radio  system  with  N  autonomy 
radio  connections. 

These  problems  are  solved  in  [3,4],  With 
respect  to  the  considerable  extent  of  calculations  are 
addressed  only  assumptions  and  solution  results  in  this 
conh  ibution. 

A  mutual  correlation  is  respected  in  problem 
analyzed  by  definition  of  the  spatial  correlation 
coefficients  ror  each  pair  of  receive  points  which  are 
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arranged  into  matrix 

1  k12  ... 

1  1  k  :  •  (9) 

1 

Some  simplifications  are  made  in  solution, 
which  make  able  to  assume  disturbance  levels  on  the 
individual  frequencies  as  uncorrected.  Retuning  to  new 

Probability  of  mutual  interference 


frequency  is  performed  on  the  base  of  minimal 
disturbance  level.  The  transition  streams  from  one 
frequency  to  other  at  all  N  radio  links  can  be  with 
sufficient  accuracy  assumed  as  Poisson  stream. 

As  interference  is  assumed  to  be  used  the  same 
frequencies  after  process  of  retuning  in  time  interval  At 
in  j-th  and  an  i-th  receive  points. 

p**s(  .(q-n)  p(a,a,),1^(qnn-1)  .00) 


P vzr  after  change  of  working  frequencies  in  time  interval  At  is 


Pvzr  (At)  =  Pprei  j,j (At)  •  Pzhodyf^  -  ^  *  (^prel  i,j  '  At)  •  (l  -  A.prB|  ■  At) 

An  example  of  relationship  between  probability  of 
mutual  interference  Pvzr  and  number  of  radio  links  N 
with  kjj  =  0,5  is  on  Fig.3. 


Fig-3.  Relationship  between  probability  of  mutual  interference  Pw  and  number  of  radio  links  N,  ktJ  =  0,5. 


1  +  k^  •  (Q  -  N  - 1) 


Q-N 


01) 


5.  CONCLUSIONS 

From  above  mentioned  analyze  of  the  potential 
efficiency  of  the  frequency  adaptive  radio  systems  the 
following  conclusion  can  be  made. 

The  following  problems  must  be  solved  in 
process  of  the  frequency  adaptive  radio  systems  design 
and  calculation: 

•  selection  of  subbands  in  HF  band  which  are 
suitable  from  radio-wave  propagation  point  of 
view, 


•  choice  of  the  optimal  statistic  criteria  for 
selection  of  working  frequencies, 

•  connection  establishment  and  transmission  of 
control  commands, 

•  retuning  of  transmitters  and  receivers, 

•  to  assume  level  of  mutual  interference. 

From  the  effective  utilization  of  radio  systems 
point  of  view  it  is  necessary  to  solve  them  with 
multiparameter  adaptation. 

The  discussed  theory  is  applicable  in  higher 
frequency  bands  too  (for  example  VHF),  mainly  for 
increasing  of  the  resistance  to  interference  or  for 
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throughput  optimization  of  the  frequency  adaptive 
radio  links. 
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ABSTRACT  A  new  calculation  method  of  LCTL  has 
been  proposed  for  a  balanced  pair  cable  circuit  which 
consists  of  a  balanced  pair  cable  and  terminal 
equipment.  Generally,  actual  balanced  cable  has  some 
unbalance  about  earth  and  terminal  equipment  also.  The 
balanced  pair  cable  is  represented  as  a  cascade 
connection  of  many  short  cables.  Each  short  cable 
consists  of  a  perfectly  balanced  short  cable  and  a  lumped 
elements  circuit.  The  lumped  elements  circuit  simulates 
unbalance  to  the  perfectly  balanced  cable  and  it  shows 
unbalance  of  the  actual  balanced  pair  cable.  If  the 
unbalance  of  terminal  equipment  is  also  represented  by 
the  lumped  elements  circuit,  then  a  transmission  matrix 
for  the  whole  of  the  balanced  pair  cable  circuit  is 
derived.  Thus,  LCTL  of  the  circuit  is  obtained  from  the 
matrix.  Several  LCTLs  are  examined  and  experimental 
results  for  them  well  coincided  with  calculated  ones. 

1. INTRODUCTION 

A  balanced  pair  cable  circuit  in  communication 
system  consists  of  a  balanced  pair  cable  and  terminal 
equipment.  An  actual  balanced  pair  cable  has  unbalance 
about  earth  because  of  nonuniform  diameter  of  the 
conductors,  inhomogenous  dielectric  constant, 
geometrical  configuration  and  so  on.  Not  only  that,  there 
are  some  partial  unbalances  caused  by  impedance 
unbalance  of  terminal  equipment,  by  water  penetration  in 
the  cable,  etc.  LCTL(Longitudinal  conversion  transfer 
loss)  which  represents  unbalance  about  earth  is  defined  in 
the  ITU-T  recommendation[l],[2]  and  it  is  an  important 
characteristic  in  a  design  of  communication  systems[3]. 
Nevertheless,  LCTL  of  the  balanced  pair  cable  circuit 
has  been  only  investigated  experimentally  and  analyzed 
roughly  in  theory.  Thus,  some  of  LCTL  characteristics, 
such  as  LCTL  for  unbalanced  impedance  in  arbitrary 
location  of  a  balanced  pair  cable  and  LCTL  of  the 
balanced  pair  cable  with  test  splicing,  have  not  been 
clarified  theoretically. 

In  this  paper,  we  have  proposed  a  new  LCTL 
calculation  method  using  a  transmission  matrix  for  six 
terminal  circuits  and  have  analyzed  some  LCTLs.  In  the 


proposed  method,  it  is  assumed  that  the  balanced  pair 
cable  circuit  itself  consists  ofN-sections  and  each  section 
contains  two  kinds  of  parts;  a  perfectly  balanced  short 
pair  cable  part  and  a  lumped  elements  circuit  part,  as 
shown  in  Fig.  1.  The  unbalance  of  actual  balanced  pair 
cable  is  represented  by  the  perfectly  balanced  cable  with 
the  lumped  elements  circuit.  That  is,  each  lumped 
element  in  the  lumped  elements  circuit  means  unbalance 
component  of  the  actual  balanced  cable.  Two  kinds  of 
transmission  matrices  for  these  two  parts  are  derived.  A 
transmission  matrix  for  the  partial  unbalance  circuit  such 
as  terminal  equipment  is  also  derived.  Then,  a 
transmission  matrix  for  the  balanced  pair  cable  circuit  is 
derived  and  all  of  voltages  and  currents  of  the  circuit  are 
obtained  from  a  equation  by  the  transmission  matrix  of 
the  balanced  pair  cable  circuit.  Thus,  a  common  mode 
and  a  normal  mode  voltage  is  derived  from  the  voltages 
and  LCTL  is  represented  by  an  simple  equation  which 
consists  of  components  in  the  transmission  matrix. 

We  examined  several  LCTL  characteristics  for 
unbalanced  impedance  and  the  balanced  pair  cable  with 
test  splicing.  As  a  result,  it  is  clarified  that  the  proposed 
method  is  useful  for  LCTL  calculation. 

2.  Theory 

We  propose  a  LCTL  calculation  method  for  balanced 
pair  cable  circuit.  In  this  method,  actual  balanced  cable  is 
treated  as  a  cascade  connection  of  many  short  cables 
which  consists  of  a  perfectly  balanced  short  cable  and  a 
lumped  elements  circuit  as  shown  in  Fig.  1 .  Here,  we 
derive  a  transmission  matrix  for  the  perfectly  balanced 
cable,  one  for  the  lumped  element  circuit,  one  for  the 
whole  of  the  balanced  pair  cable  circuit  and  LCTL 
equation. 

2.1  Transmission  matrix  for  perfectly  balanced  pair 
cable 

Here,  we  derive  a  transmission  matrix  for  three 
conductor  lines  which  consists  of  balanced  pair  lines("l" 
and  "2")  and  a  ground("3")  as  shown  in  Fig.  2.  In  Fig.  2, 
there  are  a  real  circuit  and  a  longitudinal  circuit.  Next 
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differential  equations  are  derived  for  Fig.2[4], 


dv 


uiri 

— -=Y  v  +Y  v 
dx  V"+I">vc 


dv 

■— Zmt„+Zcic 


- =Y  v  +Y  v 

dx  m  n  cvc 


where 

Zn  =Rn+j  o)bn:  Primary  impedance  of  real  circuit 
Zc  =Rc+j  ojLc:  Primary  impedance  of  longitudinal  circuit 
Y^G^+j  co  Cn :  Primary  admittance  of  real  circuit 
Yc  =G.+j  coCc:  Primary  admittance  of  longitudinal 
circuit. 

Zm:  Mutual  impedance  between  longitudinal  circuit 
and  real  circuit 

Ym:  Mutual  admittance  between  longitudinal  circuit 
and  real  circuit 

If  Zm=0  and  Ym=0,  then  the  three  conductor  lines  become 
the  perfectly  balanced  cable.  Figure  3  shows  the  matrix 
representation  of  the  perfectly  balanced  cable  and  Eq.(2) 
for  Fig.3  is  derived  from  Eq.(I). 

'  Vn  faiia,2  bnbi2 1  f  Vl2  ' 

V21  _  a21a22  b21b22  V22 

111  "  C1,C12  diidi2  112  (2) 

,|21  [C2,C22  d21d22  122 

where, 

an  =  az2=du  =d22  =  y(cosh'\/zi;Yc  x  +  cosh\ZznYn  x) 
aJ2=a21  =  di2  =d2i  =  y(C0shVZcYc  x  — cosh^Z„Y„  x) 

bn  =b22  =  x  +  sinhVZ"Yr.  xj 

bi2  =  b2i  =  sinln/zcYc  X  -  sinhVz„Y„  xj 


!  Perfectly  I  Lumped  1  Perfectly  1 

I  balanced  !  elementa  1  balanced  1 

l  cable  part  I  circuit  part  1  cable  part  * 

° - fd-jL-o-TzT}*-^ ro- - —L<y- 
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Balanced  cable- 


Fig.  1  Model  of  balanced  pair  cable. 

line  "1" 


Fig.  2  Three  conductor  lines. 


Fig.  3  Matirx  representation  of  perfectly  balanced  pair  cable. 


2.2  Transmission  matrix  for  lumped  elements  circuit 

Here,  we  derive  a  transmission  matrix  for  the  lumped 
elements  circuit  in  Fig.  1.  As  each  element  in  the  circuit  is 
represented  by  simple  transmission  matrix  for  six 
terminals  circuit,  the  transmission  matrix  of  the  circuit  is 
derived  as  Eq.(3).  When  there  is  a  partial  unbalance  in  the 
balanced  pair  cable  circuit  by  impedance  unbalance  of 
terminal  equipment  etc.  ,  the  same  way  can  be  used  to 
obtain  a  transmission  matrix  for  the  partial  unbalance 
circuit. 

1  0  Z1+Z3  Z3 

0  1  Z3  Z2+Z3 

Y1+Y3-Y1  1+Z1- Y1  +Z1-23+Z3-Y3  Z3-Y3-Y1Z2  (3) 

-Y1  Y1  +Y2  Y2-Z3-Z1-Y1  1 +Y1  ■  Z2 +Z2- Y2 +Y2- Z3 

2.3  Transmission  matrix  for  balanced  pair  cable 

circuit 

Figure  4  shows  a  matrix  representation  of  a  balanced 
pair  cable  circuit.  Since  the  circuit  consists  of  balanced 
pair  cable  and  partial  unbalance  circuit,  a  transmission 
matrix  of  the  circuit  is  obtained  by  a  multiplication  of 
many  transmission  matrices.  Equation  (4)  shows  the 
circuit  equation  for  the  circuit  and  each  F  shows  matrix 
for  perfectly  balanced  pair  cables,  lumped  elements 
circuits  and  partial  unbalance  circuits,  respectively.  M  is 
the  total  number  of  matrices  in  the  balanced  pair  cable 
circuit. 


Fig. 4  Matrix  representation  of  balanced  pair  cable  circuit. 


2.4  Longitudinal  conversion  transfer  loss 

We  define  LCTL  as  a  ratio  of  the  common  mode 
voltage  at  the  output  terminal  to  the  normal  mode  voltage 
at  the  input  terminal  in  Fig.4.  The  definition  is  same  with 
LCTLj,  in  reference[3]  and  LCTL  is  represented  as 
Eq.(5)  by  matrix  components  in  Eq.(4). 


Vout  (v,  +v„  )/2 

LCTL  =201  og — ; - =20  log - 

Vi n  v  - v 

“normal  v1i  V2I 


_1 _ (CI2~t~C22)~(Cll'fC2i) _ 

2  (A11-A2]XC12+C22)-(A12-A22)(C1]+C2])  l  J  (  ) 

3.Experiment  results 
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3.1  Unbalance  of  actual  balanced  pair  cable 

Figure  5  shows  the  LCTL  measurement  circuit  for 
the  balanced  pair  cable.  The  transformer  at  the  input 
terminal  is  a  balun  which  is  used  for  conversion  from 
balance  to  unbalance.  We  used  a  CCP-AP(Color-coded 
polyethylene  insulated  aluminum  polyethylene  sheathed) 
cable  containing  10  pair  lines  as  the  balanced  pair  cable. 
The  ground  line  in  Fig.  5  is  the  aluminum  sheath  of  the 
CCP-AP  cable.  In  our  measurement  system,  the 
minimum  detection  level  of  the  signal  is  -107dBm. 


Fig. 5  Measurement  circuit  of  balanced  pair  cable. 
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Fig. 6  Model  of  balanced  pair  cable. 


Fig.8  The  number  of  sections  necessary  for  LCTL  calculation. 


Figure  6  shows  a  model  of  an  actual  balanced  pair 
cable  for  LCTL  calculation.  In  Fig. 6,  each  line  has 
capacitance  to  the  ground.  The  capacitance  AC  in  Fig.6 
represents  the  difference  between  each  capacitor.  Figure 
7  shows  the  measured  and  calculated  LCTLs  for  Fig.5. 
The  cross  mark(  x )  in  Fig.7  shows  the  measured  LCTL 
for  the  balun  only,  that  is  L=0m,  in  Fig.5.  The  white 
circle(O)  in  Fig-7  shows  measured  LCTL  for  the 
balanced  pair  cable  with  balun.  Three  lines  in  Fig.7 
show  the  calculated  LCTLs  when  the  AC  has  the  values 
of  0.2,  0.35  0.5pF/m,  respectively.  When  AC  is  0.35pF/ 
m,  the  measured  LCTL(O)  well  coincides  with  the 
calculated  one(solid  line)  so  that  the  capacitive  unbalance 
of  the  balanced  cable  should  be  0.35pF/m.  When  we 
calculate  LCTL  for  L=0m  and  A  C=5pF,  the  LCTL  curve 
well  fits  to  the  one  of  balun.  The  dotted  dash  line  in  Fig.7 
shows  this  calculated  LCTL.  It  means  that  the  unbalance 
capacitor  of  the  balun  is  around  5pF. 

Figure. 8  shows  the  number  of  sections  which  is 
enough  to  obtain  accurate  LCTL  of  the  balanced  pair 
cable  at  the  specified  frequency. 

3.2  LCTLs  for  parallel  capacitive  unbalance, 

parallel  resistive  unbalance,  and  series  resistive 
unbalance 

Figure  9  shows  an  experimental  circuit  which  is 
used  to  measure  LCTL  of  the  balanced  pair  cable  circuit 
with  partial  unbalance  by  C13,  R13  and  Rll.  C13,  R13 
and  R1 1  simulate  the  parallel  capacitive  unbalance, 
parallel  resistive  unbalance  and  series  resistive  unbalance 
at  the  output  terminal,  respectively. 

Figures  10(a),  (b),  and(c)  show  measured  and 
calculated  LCTL  characteristics  for  parallel  capacitive 
unbalance,  parallel  resistive  unbalance  and  series 
resistive  unbalance,  respectively.  As  shown  in  Fig.  10(a), 
LCTL  for  parallel  capacitive  unbalance  decreases  20dB 
every  decade  of  frequency  and  increases  6dB  every  twice 
of  parallel  capacitance  value.  From  Fig.  10(b),  it  is  shown 
that  LCTL  for  parallel  resistive  unbalance  increases  6dB 
every  half  of  parallel  resistance.  The  difference  between 
measured  LCTLs  and  calculated  ones  in  the  range  of 
higher  frequency  than  100kHz  in  Fig.  10(b)  occurs  from 
the  capacitive  unbalance  of  the  balun  and  the  balanced 
pair  cable  itself.  From  Fig.  10(c),  LCTL  for  series 
resistive  unbalance  shows  similar  characteristic  with  the 
one  for  parallel  capacitive  unbalance.  The  difference 
between  measured  LCTLs  and  calculated  ones  in 
Fig.  10(c)  comes  from  the  capacitive  unbalance  of  the 
balun  and  the  balanced  pair  cable  itself.  In  the  calculation 
of  LCTL  in  here,  we  didn't  use  the  model  of  Fig.6  to  show 
ideal  LCTL. 
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Balanced  pair  cable 

Fig.9  Experimental  circuit  for  terminal  unbalance. 
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Frequency  f[kHz] 

(a)Parallel  capacitive  unbalance 


Frequcny  f[kHz] 


(b)Paralell  resistive  unbalance 


Frequency  (kHz) 

(c)Series  resistance  unbalance 
Fig.  10  LCTL  characteristics  for  parallel  capacitive,  series 
resistive  unbalance  and  ground  resistance. 


3.4  LCTL  for  test  splicing 

Test  splicing  is  used  to  equalize  the  unbalance  of  the 
balanced  pair  cable  itself.  Here,  we  examine  LCTL  for 
various  cable  configuration  in  test  splicing.  Figure  11 
shows  three  kinds  of  cable  configurations  which  are  used 
in  3.4.  Figure  12  shows  an  experimental  circuit  for 
Fig.  11(b).  Figure  13  shows  measured  and  calculated 
LCTL  for  each  of  Fig.  1 1.  In  Fig.  13,  LCTL  for  the  cable 
configuration  of  Fig.  11(a)  shows  the  best  LCTL 
characteristic  because  the  capacitive  unbalance  at  the 
input  terminal  side  has  less  effect  to  the  output  terminal 
side's  one.  In  Fig.  13,  calculated  LCTLs  well  coincide 
with  measured  ones,  Thus,  it  is  shown  that  LCTL  for  test 
splicing  can  be  also  calculated  by  the  proposed  method. 


„  Ground 

O - o - O - — - O - 0 - o 

(c)Spliced  once  at  200m  position 

Fig.  11  Test  splicing  to  cancel  the  unbalance  of  balanced  pair 
cable  itself. 
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4.Conclusion 

We  have  proposed  a  new  LCTL  calculation  method 
for  the  balanced  pair  cable  circuit  with  partial  unbalance 
and  examined  some  LCTLs  for  the  balanced  pair  cable 
under  various  terminal  conditions  and  test  splicing.  In 
conclusion, 

(1)  We  derived  the  transmission  matrix  for  three 
conductor  lines  which  consists  of  balanced  pair  lines  and 
ground  when  the  pair  lines  are  perfectly  balanced.  This 
matrix  can  be  easily  obtained  from  the  measured  primary 
impedance  and  the  measured  primary  admittance  of  real 
circuit  and  longitudinal  circuit. 

(2)  We  also  derived  the  transmission  matrix  for  the 
lumped  elements  circuit  which  represents  unbalance  of 
the  balanced  pair  cable  or  partial  unbalance  by  terminal 
equipment. 

(3)  It  has  been  clarified  that  LCTL  characteristics  for  a 
balanced  pair  cable  with  partial  unbalance  is  easily 
calculated  by  using  these  transmission  matrices. 
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The  use  of  the  Modulated  Scattering  Technique 
(MST)  for  electromagnetic  field  uniformity  test  is 
proposed.  Measurement  times  associated  with  the 
conventional  technique  employing  mechanical 
positioning  of  a  single  probe,  are  usually  long.  By 
using  an  array  of  modulated  scattering  probes, 
electronically  driven,  the  technique  allows  a 
dramatic  reduction  in  measurement  time. 

In  the  paper  the  theoretical  basis  of  the 
technique  are  discussed,  the  prototype  system  is 
described  and  some  measurement  data  are 
presented. 


1.  INTRODUCTION 

According  to  IEC  1000-4-3  ( Electromagnetic 
Compatibility  -  Part  4:  Testing  and  measurement 
technique  -  Section  3:  Radiated,  radio-  frequency, 
electromagnetic  field  immunity  test),  this 
verification  must  be  periodically  carried  out,  in  all 
the  frequency  range  80  -  1000  MHz,  to  ensure  a 
"uniform  area",  which  is  a  hypothetical  vertical 
plane  in  which  field  intensity  variations  are 
acceptably  small.  This  uniform  area  is  1 .5  m  x  1 .5 
m  and,  during  electromagnetic  field  immunity  test, 
the  equipment  under  test  (EUT)  shall  have  its  face 
to  be  illuminated  coincident  with  this  plane. 

Measurement  times  associated  with  the 
conventional  technique  prescribed  by  IEC1 000-4-3 
standard,  employing  mechanical  positioning  of  a 
single  probe,  are  usually  long;  in  fact  this  standard 
requires  that  a  single  probe  will  be  positioned  in  16 
calibration  grid  points  and  measurement  must  be 
performed  in  frequency  steps  no  greater  than  10% 
of  the  start  frequency  (and  thereafter  the 


preceding  frequency)  for  both  horizontal  and 
vertical  polarization. 

Modulated  Scattering  Technique  was  first 
proposed  by  Richmond  [1],  Justice  and  Ramsey 
[2],  Cullen  and  Parr  [3]  in  1955  for  the 
measurement  of  antenna  near-field  distribution  at 
centimeter  wavelength,  in  order  to  eliminate  the 
transmission  line  from  the  receiving  antenna  to  the 
receiving  apparatus. 

The  general  formulation  for  the  back-scattered 
field  from  loaded  object,  in  particular  from  small 
dipole  and  small  loop,  was  given  by  Harrington  [4], 
and  the  scattering  properties  of  antennas  were 
discussed,  by  using  the  generalized  scattering 
matrix,  by  Green  [5]  and  Collin  [6].  Besides  a 
complete  system  capable  of  measuring  amplitude, 
phase  and  polarization  of  microwave  field 
distribution  was  described  by  King  [7]. 

In  the  past  the  Modulated  Scattering 
Technique,  in  the  monostatic  and  bistatic  set-up, 
was  proposed  as  a  fast  characterization  method  of 
antennas  and  complex  radiating  systems  by 
Bolomey  [8]  [9]  and  other  authors  [10]  [11],  as  a 
fast  electromagnetic  field  measurement  technique 
for  biomedical  imaging  [12],  as  a  tool  for  the 
characterization  of  microwave  circuits  [13]  and,  in 
general,  as  a  near-field  measurement  method. 

The  Modulated  Scattering  Technique  is 
essentially  a  free  space  perturbation  technique;  so 
it  is  not  the  signal  delivered  by  the  measuring 
probe  which  is  measured,  but  it  is  the  field 
scattered  by  the  measuring  probe  which  is 
collected  and  measured  by  the  transmitting 
antenna  itself  (in  the  monostatic  setup),  or  an 
auxiliary  antenna  (bistatic  setup). 

As  can  be  shown,  in  the  Modulated  Scattering 
Technique  the  signal  resulting  from  the 
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introduction  of  the  probe  at  a  given  site  is  related 
to  the  electric  field  at  that  point.  In  the  monostatic 

case  the  signal  is  proportional  to  E2-ei2<p  while  in 
the  bistatic  case  it  is  proportional  to  E-e^,  where 
E  and  cp  are  the  amplitude  and  the  phase  of  the 
electric  field. 

The  scattering  of  each  element  of  a  probe 
array,  loaded  with  a  nonlinear  element  such  as  a 
diode,  may  be  modulated  successively  by  a  low 
frequency  signal,  so  that  the  resulting  signal, 
related  to  the  field  in  the  modulated  probe  position, 
is  an  AC  signal  of  the  same  frequency.  Low 
frequency  modulation  of  the  scattering  of  the 
probes  is  impressed  in  order  to  distinguish  the 
weak  signal  scattered  by  the  desired  probe  from  all 
other  reflected  field  contributes. 


2.  THE  MONOSTATIC  MST  RELATIONSHIP 

The  basic  relations  existing  between  received 
voltage  and  the  electric  field  in  the  point  where  the 
probe  is  located,  has  been  derived  by  many 
authors.  In  particular  the  relationship  for  the 
monostatic  setup  of  the  MST  has  been  derived 
starting  from  the  application  of  the  reciprocity 
theorem  [10]  [14].  However  this  relation  may  also 
be  derived,  under  some  hypothesis  and  in  a  less 
rigorous  way,  directly  from  the  particular 
measurement  system  considered. 

The  basic  monostatic  configuration,  as  shown 
in  figure  1,  is  composed  of  a  sinusoidal  wave 
generator,  a  dual  directional  coupler,  a 
transmitting-receiving  antenna  and  a  scattering 
probe. 


Fig.  1  The  basic  monostatic  Modulated  Scattering 
setup. 

In  this  scheme  V0e~-’tPo  is  the  complex  value  of 
the  sinusoidal  voltage  delivered  by  the  source  to 
the  measurement  system,  Vmeasinc  and  Vmeasref!  are 
the  voltages  measured  at  the  coupled  arms  of  the 


dual  directional  coupler,  <pj  and  <p2  are  the  phase 
delays  due  to  interconnecting  transmission  lines, 
<pd  is  the  phase  delay  due  to  the  propagation  of  the 
electromagnetic  field  starting  from  the 
transmitting-receiving  antenna  input  port  to  the 
probe  position,  a  is  the  coupling  coefficient  (the 
same  in  both  the  directions)  of  the  dual  directional 

coupler,  and  gp(0,<p)  are  the  power  gains 

of  the  transmitting-receiving  antenna  and  of  the 
probe  antenna  respectively,  Zo  is  the 
characteristic  impedance  of  the  transmitting- 
receiving  system  and  ZL  is  the  load  connected  to 
the  probe  antenna. 

Besides  lefs  assume  the  following  hypothesis: 

-  there  is  impedance  matching  in  all  the  sections  of 
the  transmitting-receiving  system, 

-  probe  antenna  is  a  small  electric  dipole, 

-  there  is  impedance  matching  between  the  probe 
antenna  and  its  load, 

-  probe  antenna  is  in  the  far-field  of  the 
transmitting-receiving  antenna, 

•  the  dual  directional  coupler  has  an  infinite 
directivity  and  very  small  coupling  coefficients  a. 

Under  this  hypothesis  the  complex  value  of  the 
electric  field  generated  by  the  transmitting- 
receiving  antenna  in  the  position  of  the  probe  can 
be  written  as: 

n  T,P’rX  gl^0P,<PP^--j(«Po+<Pi+S?i+flJ  u\ 

E i — — e  (1) 


y  2 

where  Ptxibc  “  — —  is  the  power  delivered  by 
4Z0 

the  signal  source  to  the  transmitting-receiving 
antenna,  -q  is  the  wave  impedance  in  free  space, 
d  is  the  distance  between  the  transmitting- 

receiving  antenna  and  the  probe,  and  gi(op,<pp)  is 

the  power  gain  of  transmitting-receiving  antenna  in 
the  direction  toward  the  probe. 

Since  there  is  impedance  matching  on  the 
probe  antenna  port,  the  received  power  can  be 
written  as: 

PRX-Pnc“cgigp^^r  (2) 

where  g:  and  gp  stand  for  the  power  gain  of  the 

transmitting-receiving  antenna  and  of  the  probe  in 
the  joining  direction  (in  the  concerning  angular 
positions). 
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If  the  probe  is  a  short  electric  dipole,  one  can 
show  that,  when  matched,  it  scatters  as  much 
power  as  is  absorbed.  This  can  be  shown 
describing  the  probe  with  the  generalized 
scattering  matrix  and  expressing  the  electric  field 
under  measurement,  assumed  to  be  solenoidal,  in 
spherical  vector  wave  functions  [6]. 

So,  if  there  is  impedance  matching  in  all  the 
section  of  the  MST  measurement  system,  at  the 
reflected  arm  of  the  dual  directional  coupler,  can 
be  detected  an  amount  of  power  equal  to: 


expression  of  the  reflection  coefficient  due  to  the 
presence  of  the  probe: 


v  «*fl 
r  ,  _ as” _ 

w  iac 
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(3) 


3.  DESCRIPTION  OF  THE  EXPERIMENTAL 
SETUP 


corresponding  to  a  measured  voltage  that  can 
be  written  as: 


V  « 

mcu 


Besides  (4)  can  also  be  written  as: 
v  refl  _ 

meu 

i— Zo_gp^-  j(<p0+(p1)  „  Vp2  gi  „-j2(«Po-*-«P1-HPa-K|>d) 
V  V02^  l  4Z0  4jcd^C 

(5) 

In  the  relation  (5)  we  can  identify  the  part  in 
square  brackets  with  the  square  of  the  expression 
(1)  of  the  electric  field  at  the  probe  position.  So  (5) 
can  be  written  as: 


v  refl 
meas 

Z0  gP^  ci(<Po+<Pi)c2  ^ 

V0  2;ni 

The  expression  (6)  is  the  basic  relationship  for 
the  monostatic  Modulated  Scattering  Technique 
setup;  it  allows  one  to  evaluate  the  electric  field  in 
the  probe  position  by  means  of  the  measurement 
of  the  reflected  voltage  in  the  transmitting  system. 

Besides  the  same  results  can  be  expressed  for 
the  reflection  coefficient,  normalizing  the  reflected 
coupled  voltage  to  the  incident  coupled  voltage 

vmeasinc  *  ^-e"jl'<Po+<;Pl^  So  we  obtain  the 


To  verify  the  applicability  of  the  Modulated 
Scattering  Technique  to  electromagnetic  field 
uniformity  test,  a  monostatic  setup,  in  accordance 
with  the  basic  scheme  shown  in  figure  1,  was 
prepared  inside  an  anechoic  shielded  chamber. 
The  field  distribution  under  measurement  was 
radiated  from  a  logperiodic  antenna  on  a  1.5  x  1.5 
m  uniform  area,  on  which  were  placed  16 
modulated  scattering  probes,  coinciding  with  16 
calibration  grid  points;  so  the  distance  between  the 
neighboring  probes  was  equal  to  0.5  m.  According 
to  IEC  1000-4-3  the  RF  source,  the  MST  receiver 
and  the  traditional  measurement  receiver  were 
placed  outside  the  chamber. 

The  array  of  Modulated  Scattering  Probes  was 
made  with  16  probe;  each  probe  was  supplied  with 
a  modulating  circuit  and  powered  by  means  of  a 
little  battery.  So  the  automatic  scanning  of  the 
probe  was  carried  out  by  means  of  16  optical  links 
connecting  the  remote  scanning  system  with  the 
modulating  circuits  of  the  probes.  Besides  the 
optical  links  was  made  with  16  optic  fibers  in  order 
to  minimize  perturbation  of  the  field  distribution. 

Modulating  sequentially  the  MST  probes,  by 
means  of  the  remote  scanning  system  placed 
outside  the  anechoic  shielded  chamber,  output 
scattered  signals  were  measured,  stored  and 
subsequently  converted  to  electromagnetic  field 
intensity  level. 

In  figure  2  an  example  of  the  comparison 
between  the  data  obtained  both  using  a  standard 
probe  and  our  MST  measurement  system  is  shown 
for  a  single  frequency. 

The  obtained  data  allow  to  verify  the  uniformity 
of  the  electromagnetic  field  and,  if  necessary  to 
repeat  measurements  after  the  introduction  of  site 
modification  (introducing  or  moving  optional 
anechoic  material  to  reduce  floor  reflections,  for 
example). 


uj/A^ap 
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Calibration  grid  point 


Fig.  2  Uniformity  field  test:  electric  field  amplitude 
(f  =  900  MHz,  horizontal  polarization). 

In  order  to  evaluate  the  perturbation  of  the  field 
distribution  due  to  the  contemporaneous  presence 
of  the  1 6  MST  probes,  each  one  equipped  with  its 
modulating  circuit  and  battery,  the  electric  field 
measured  in  a  grid  point  of  the  MST  array  with  a 
standard  probe,  replacing  the  corresponding  MST 
probe,  was  compared  with  the  values  measured  in 
the  same  point  by  means  of  the  same  standard 
probe  when  the  MST  array  was  removed. 


100  300  500  700  900 

MHz 


Fig.  3  Perturbation  of  the  field  distribution  due  to 
the  presence  of  the  MST  array. 


This  procedure  has  be  done  for  some 
frequencies  and  the  difference  between  the  two 
sets  of  measurements  is  shown  in  figure  3.  The 
results  reported  point  out  a  moderate  field 
perturbation  in  all  the  frequencies  considered,  both 
for  the  horizontal  and  the  vertical  polarization. 

Besides  a  calibration  procedure  of  the 
measurement  system  based  on  the  Modulated 
Scattering  Technique  allowed  to  estimate  its 
behavior  for  different  frequencies.  Figure  4  shows 
the  calibration  factor  of  the  system,  denoting  a 
sensitivity  that  is  fairly  uniform  for  the  considered 
frequencies. 
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Fig.  4  Calibration  factor  versus  frequency. 


4.  CONCLUSIONS 

The  use  of  the  Modulated  Scattering  Technique 
(MST)  for  electromagnetic  field  uniformity  test  has 
been  proposed.  Since  the  measurement  procedure 
must  be  performed  for  a  lot  of  frequency  step  and 
for  vertical  and  horizontal  polarization,  times 
associated  with  the  conventional  technique 
employing  mechanical  positioning  of  a  single 
probe,  are  usually  long.  A  measurement  system 
based  on  the  Modulated  Scattering  Technique 
allowed  a  dramatic  reduction  in  measurement 
time.  Besides  experimental  results  obtained  via 
laboratory  prototype  system,  carried  out  inside  an 
anechoic  shielded  chamber,  have  denoted  a 
moderate  field  perturbation  due  to  the  presence  of 
the  MST  array,  and  a  fairly  uniform  sensitivity  in  a 
broad  frequency  range. 
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The  paper  presents  a  new  site  for  immunity  testing 
located  in  Wroclaw  Anechoic  Chamber.  Testing 
equipment  and  in  particular  a  uniform  area  scanner 
developed  by  the  authors  are  described.  The  way  of 
solving  site  automation  problems  is  defined. 

1.  INTRODUCTION 

The  method  of  testing  the  immunity  of 
electrical/electronic  equipment  to  strong  electro¬ 
magnetic  RF  fields  is  described  by  IEC-1000-4-3  [9], 
The  best  place  to  perform  immunity  tests  is  an  anechoic 
chamber  placed  in  a  screened  room  [2],  A  chamber  like 
this  gives  adequate  separation  from  electromagnetic 
environment  and  allows  a  measurement  field  uniform  to 
the  standard  to  be  obtained. 

Wroclaw  Anechoic  Chamber  (WAC),  described  in 
the  Proceedings  of  previous  Wroclaw  Symposiums  [1], 
was  used  as  a  location  for  a  measurement  site  for 
immunity  testing  to  electromagnetic  noise. 


The  cubicoidal  chamber  internal  dimensions  are 
4. 9x4. 7x2. 2m  (length  x  width  x  height)  between  tips  of 
the  largest  absorbers.  The  size  of  the  chamber  enables  a 
3  m  site  for  immunity  testing  in  accordance  with  IEC- 
1000-4-3  to  be  placed  in  it,  although  with  some 
difficulty.  Dismantable  floor  absorbers  allow  the 
measurement  site  to  be  arranged  along  the  symmetry 
axis  of  the  chamber,  along  the  diagonal  or  along  other 
directions.  The  site  for  immunity  testing  was  equipped 
with  the  equipment  necessary  for  measurement 
automation. 

There  is  an  adjacent  control  room  accessible 
from  the  chamber  through  a  shielded  door  and  a 
special  panel  for  connecting  installation  cables. 

2.  TEST  SITE  EQUIPMENT 

Fig.l  shows  a  sketch  of  test  site  for  field 
calibration  and  immunity  measurement.  The  basic 
equipment  of  the  site  is  described  below. 


Fig.  1.  Sketch  of  test  site  for  field  calibration  and  immunity  measurement 
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2.1.  Field  generating  antenna 

Commercially  available  antennas  were  researched 
according  to  their  size  (because  the  chamber  is  small) 
and  the  amplifier  power  required  [3],  The  most 
interesting  antennas  were  found  to  be  combination 
antennas  („bilog”  type).  An  antenna  manufactured  by 
Frankonia  (type  BTA-L  Fig.  2),  measuring  1.134m.  x 
1.709m.  was  selected.  The  small  length  of  the  antenna 
and  its  relatively  big  width  show  that  it  is  suitable  for 
small  anechoic  chambers.  The  antenna  works  in  the 
range  of  26MHz  to  1300MHz. 


Fig.  2.  Field  generating  antenna  BTA-L  (Frankonia) 


The  amplifier  power  required  to  drive  the  antenna  (ca 
65W  for  lOV/m  at  3m)  is  bigger  than  the  power  needed 
for  a  logperiodic  antenna  (for  the  range  of  80  to 
1000MHz),  but  the  dimensions  of  the  antenna  selected 
are  significantly  smaller.  The  antenna  with 
appropriately  larger  amplifier  power  will  work  in  the 
range  starting  from  26MHz. 

2.2.  Power  amplifier 

The  site  was  equipped  with  a  broadband  100W 
power  amplifier  (SMX100  — IFI  USA)  which,  with  the 
above-mentioned  antenna,  gives  a  measurement  field  of 
lOV/m  in  the  range  of  80  tolOOOMHz.The  amplifier  can 
be  fully  controlled  by  GPEB  interface. 

2.3.  Field  strength  sensor 

Commercially  available  electromagnetic  field 
strength  sensors  were  compared  in  detail. 

A  PMM8052  field  strength  meter  manufactured  by 
PMM  (Italy)  equipped  with  EP-115  E-field  probe 
(Fig.3)  for  the  range  of  100kHz  to  1,5GHz  was  chosen. 
The  system  enables  isotropic  field  measurement  (RMS) 
and  X,Y,Z  axis  field  measurement  to  be  carried  out.  The 
probe  is  relatively  small  (sphere  140mm)  and  features 
an  entirely  symmetrical  construction  (3  symmetrical 
dipoles),  autonomous  power  supply  (battery)  and  a  fibre 
optic  communication  link  to  the  meter,  not  interfering 
with  the  measured  field.  The  meter  is  linked  to  a  PC  by 
RS232C  interface. 


Fig.3.  Field  sensor  EP-115  (PMP) 


2.4.  Scanner 

As  is  well  known  in  accordance  with  EEC- 
1000-4-3  [9]  a  test  field  calibration  is  conducted  on  a 
1.5m.  square  area  (“uniform  field  area”)  situated  on  a 
vertical  measurement  plane  3m.  away  the  tip  of  the 
antenna.  Calibration  measurements  are  conducted  in  16 
sensor  positions  (equally  spaced)  located  every  0.5m. 
for  every  measurement  frequency  in  the  range  of 
80MHz  to  1GHz.  For  speed,  accuracy  and 
convenience,  calibration  measurements  should  be 
automated.  Automatic  adjustment  of  a  field  sensor 
placement  on  the  measurement  plane  is  particularly 
useful.  A  scanner  allowing  an  arbitrary  field  sensor 
placement  on  the  measurement  plane  was  designed 
(Fig.4).  A  sensor  is  suspended  on  a  dielectric  frame  by 
the  use  of  dielectric  cables  whose  length  (and  also  the 
position  of  the  sensor)  can  be  adjusted  by  stepping 
motors.  This  allows  the  sensor  placement  to  be 
controlled  with  an  accuracy  higher  than  1cm.  Stepping 
motors  together  with  their  control  module  may  be 
placed  inside  the  chamber  far  away  from  the 
measurement  field  or  even  outside  of  the  chamber.  It 
should  be  stressed  that  the  calibration  installation  is 
entirely  dielectric  and  that  only  a  probe  is  suspended  in 
the  measurement  field  area. 


Fig.  4.  Scanner  of  uniform  field  area. 


3.  AUTOMATION  OF  CALIBRATION  AND 
TEST  PROCEDURES 


Field  immunity  tests  should  be  carried  out  in 
accordance  with  the  standards  [4, 5, 6, 7, 8, 9],  Based  on 
these  standards  the  following  procedure  may  be 
recommended: 

1.  Place  the  field  generation  antenna  in  the  distance  of 
3  m  from  the  uniform  area  (as  measured  to  the  tip  of 
the  antenna). 

2.  Check  the  uniformity  of  the  electromagnetic  field 
strength  at  16  measurement  points  of  the  uniform 
area  (Fig.  1).  The  uniform  area  should  be  calibrated 
for  every  measurement  frequency  without  placing  the 
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EUT  in  the  measurement  field.  The  measurement 
signal  should  not  be  modulated.  The  field  is 
considered  uniform  if  its  strength  lies  within  -OdB  to 
+6dB  of  nominal  value  for  at  least  12  of  the  16 
measurement  points.  The  detailed  calibration 
procedure  is  as  follows  [9]: 

a) Position  the  field  sensor  at  one  of  the  16  points 
in  the  grid  (see  Fig.  1). 

b) Apply  a  forward  power  to  the  field  generating 
antenna  so  that  the  field  strength  obtained  is  in 
the  range  3V/m  to  lOV/m  and  record  power 
and  field  strength  readings. 

c) With  the  same  forward  power,  measure  and 
record  the  field  strength  at  the  remaining  15 
points. 

d) Taking  all  16  points  into  consideration,  delete 
a  maximum  of  25%  (i.e.  4  of  the  16)  of  those 
with  the  greatest  deviation. 

e) The  remaining  points  shall  lie  within  ±3  dB. 

f) Of  the  remaining  points,  take  the  location  with 
the  lowest  field  strength  as  reference  (this 
ensures  the  -OdB  to  +6dB  requirement  is  met). 

g) From  knowledge  of  the  input  power  and  the 
field  strength,  the  necessary  forward  power  for 
the  required  test  field  strength  can  be 
calculated.  This  is  recorded. 

h) Repeat  steps  a)  to  g)  in  frequency  steps  no 
greater  than  10%  of  the  start  frequency  (and 
thereafter  the  preceding  frequency)  for  both 
horizontal  and  vertical  polarisation. 

3. Position  the  EUT  at  the  height  of  0.8m  above  the  floor 
level  and  with  one  face  coincident  with  the  uniform  area 
(calibration  plane).  The  arrangement  of  wiring  should 
be  in  accordance  with  the  standards  [4, 5, 6, 7, 8, 9], 


4. Install  the  EUT  measurement  instrumentation.  Only  the 
test  levels  are  defined  by  the  standard  [9],  A  functional 
description  and  a  definition  of  performance  criteria 
shall  be  provided  by  the  manufacturer  or  the  user  of  the 
equipment  tested.  The  EUT  measurement 
instrumentation  may  consist  of  variety  of  testing 
devices,  both  electrical  and  mechanical.  A  video 
camera  is  also  used  for  visual  observation  of  the  EUT. 

5.  Test  the  immunity  within  frequency  range  from  80  to 
1000MHz.  The  product  specification  may  require  other 
frequency  range  (e.g.  from  26  to  1000MHz).  The  signal 
is  80%  amplitude  modulated  with  a  1kHz  sinewave. 
Moreover  for  certain  EUTs  [8]  the  signal  is  pulse 
modulated  in  the  range  90(H7-5MHz.  The  duty  cycle  is 
50%  and  repetition  frequency  is  200Hz.  The  step  of 
frequency  shall  not  exceed  1%  of  the  previous 
frequency.  To  obtain  the  required  field  strength  the 
previously  calculated  generator  and  amplifier  settings 
should  be  used  (see  point  2g).  For  each  frequency  step 
the  EUT  performance  should  be  checked. 

6. Perform  the  test  on  all  sides  of  the  EUT  as  described  in 
points  3  to  5. 

The  above  described  method  of  testing  shows  that 
the  calibration  (point  2)  and  testing  procedure  (point  5) 
are  the  most  labour  intensive  and  time  consuming.  The 
automation  of  both  of  them  is  possible. 

Fig.5.  shows  a  diagram  of  a  system  for  testing  of 
immunity  to  strong  electromagnetic  fields  developed 
for  WAC.  The  system  consists  of  a  main  computer 
which  controls  the  signal  generator  and  power 
amplifier  (by  GPIB)  and  the  field  strength  sensor  and 
sensor  scanner  (by  RS  232C).  This  computer  registers 
fail/pass  signals  from  the  EUT  measurement 


Fig.  5.  Diagram  of  a  system  for  testing  of  immunity  to  strong  electromagnetic  fields  in  WAC 
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instrumentation  and  enables  creation  of  a  test  report. 
There  is  also  a  second  computer  monitoring  the  EUT. 
This  computer  for  reasons  of  having  a  variety  testing 
tasks  is  capable  to  communicate  directly  with  the  EUT 
using  measurement  interface  (e.g.  GPIB,  RS232C),  as 
well  as  to  gather  information  from  the  EUT 
measurement  instrumentation.  The  computer  must  be 
programmed  for  each  EUT  separately. 

This  computer  also  supervises  the  television  system 
installed  in  the  anechoic  chamber. 

The  main  features  of  the  television  system  constructed 
for  the  chamber  are: 

remote  control  of  all  important  settings  and 

movements  of  the  camera  (communication 

with  a  PCby  RS232C), 

observation,  recording  and  processing  of 

pictures  using  a  PC  equipped  with  a  high 

performance  video  card., 

immunity  to  strong  electromagnetic  fields. 

A  special  computer  program  enabling  the 
automation  of  field  calibration  and  immunity  testing 
was  developed  for  the  main  computer.  Fig.6  shows  the 
main  window  of  the  program  and  Fig.7  shows  the 
window  during  the  field  calibration. 

The  calibration  process  of  the  measurement  site  is 
entirely  automatic.  The  frequency  and  the  output  level 
of  a  generator,  the  power  amplifier  gam,  the  probe 
position  on  the  calibration  plane  and  the  probe  read-out 
are  controlled  and  memorised  automatically.  During 
immunity  measurement  the  frequency  and  adequately 


corrected  output  level  of  the  generator  and  the  power 
amplifier  gam  are  set  automatically,  allowing  the 
required  field  strength  to  be  obtained.  If  the  test 
indicates  incorrect  EUT  functioning,  an  immunity  level 
definition  procedure  is  initiated.  The  generator  output 
level  is  reduced  to  a  minimum  and  then,  if  EUT  starts 
functioning  normally  the  generator  output  level  is 
gradually  increased  to  the  level  where  malfunctioning 
occurs.  The  results  are  decided  by  the  operator  on  the 
basis  of  the  adequately  configured  measurement 
instrumentation  and  visual  monitoring  or  automatically 
on  the  basis  of  the  information  supplied  by  the  second 
(specially  programmed)  PC  monitoring  the  EUT 
performance  (Fig.  5). 

4.  FIELD  CALIBRATION  IN  WAC 

Tab.  1  shows  the  results  of  the  field  calibration  in 
WAC  for  two  polarities  of  the  antenna,  which  axis  is 
parallel  to  the  symmetry  axis  of  the  chamber,  for 
several  measurement  frequencies  Shaded  fields  show 
values  rejected  in  the  calibration  process  (according  to 
the  standard  [9]). 

5.  CONCLUSIONS 

The  immunity  measurement  site  in  WAC  fulfils 
requirements  of  IEC-1000-4-3  and  enables  automatic 
field  calibration  and  immunity'  testing.  The  site  makes 
possible  the  immunity'  testing  in  the  frequency  range 
from  80  to  1000MHz  with  the  field  strength  up  to 
lOV/m  and  the  test  distance  of  3  m 
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Fig.  6.  Main  window  of  the  immunity  testing  program. 
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Fig.  7.  Program  during  field  calibration  process. 


Tab.  1. Calibration  results  ([V/m]  for  P,=20W). 


Horizontal  polarisation 

f=26MHz 

1.3 

1.4 

1.6 

2.0 

1.4 

1.6 

1.9 

2.0 

1.6 

1.7 

1.8 

2.0 

1.7 

1.6 

1.6 

1.7 

f=80MHz  ! 

10.9 

12.4 

12.7 

11.1 

12.1 

15.2 

15.7 

13.5 

12.2 

14.6 

15.5 

13.4 

9.5 

11.3 

11.3 

6,5 

fi=200MHz  1 

10.4 

11.8 

12.1 

10.8 

12.6 

13.5 

13.8 

14.4 

10.1 

12.2 

13.0 

11.7 

7.8 

9.7 

10.3 

9.5 

f=500MHz  j 

11.0 

11.3 

lTT 

10.3 

10.5 

10.6 

10.3 

9.5 

7.5 

8.1 
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7.7 

7.2 

6.9 

6.7 

6.4 

!  fi=1000MHz 

7.2 

8.3 
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7.6 

8.5 

8.7 
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8.1 

7.6 

8.5 

9.5 

9.5 

Vertical  polarisation 

f=26MHz 

5.1 

5.4 
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4.8 

4.8 

4.3 

4.7 

4.9 

4.8 

4.3 

5.6 

5.5 

5.6 

4.8 

f=80MHz  j 

7.5 

9,2 

9.7  < 

8.4 

5.3 

6.0 

6.7 

6.0 

4.4 

4.2 

5.0 

4.7 

4.4 

m 

'4.0. 

5.0 

f=200MHz 

7.6 

7.2 

7.6 

8.3 

9.5 

7.9 

11.8 

12.5 

9.2 

9.0 

11.2 

13.9 

6.6 

7.0 

9.2 

7.7 

f=500MHz 

12.1 

11.7 

11.1 

12.2 

11.6 

9.5 

8.8 

11.3 

9.7 

8.7 

9.0 

9.4 

t 

49 

10.1 

9.7 

11.3 

!  f=1000MHz 

8.2 

8.5 

8.1 

8.4 

7.4 

7.4 

6.9 

8.4 

6.6 

7.8 

8.0 

8.3 

5.8 

7.6 

7.3 

6.7 
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Abstract 

The  Crawford  cell  is  a  very  convenient  equipment 
for  generating  high  intensity  Transverse  Electro¬ 
magnetic  fields;  it  has  a  straightforward  design, 
and  it  is  inexpensive  to  be  built.  Unfortunately, 
when  an  object  is  placed  inside  the  cell,  the  field 
distribution  can  be  significantly  distorted.  To  date 
there  is  no  definite  answer  on  whether  the  (loaded) 
Crawford  cell  is  a  good  approximation  of  (loaded) 
free  space.  In  this  work  a  typical  Crawford  cell  is 
considered,  properly  designed  to  obtain  a  uniform 
TEM  field  when  empty.  A  dielectric  hemisphere  is 
then  assumed  to  be  placed  on  the  central  conduct¬ 
ing  septum;  this  hemisphere  is  equivalent  (for  the 
images’  theorem)  to  a  dielectric  sphere  in  the  free 
space.  The  field  inside  the  dielectric  hemispheres 
is  numerically  evaluated,  using  a  3D  E.M.  simula¬ 
tor;  this  field  is  then  compared  with  that  inside  the 
corresponding  sphere  in  free  space,  illuminated  by 
a  plane  wave,  for  which  the  analytical  solution  is 
known.  Comparisons  are  carried  out  at  several  fre¬ 
quencies,  for  (hemi)spheres  of  different  sizes  and 
refractive  indices. 

1  Introduction 

The  Crawford  cells,  a  particular  kind  of  TEM  cell, 
have  been  widely  used  since  their  formal  introduc¬ 
tion  in  1974  [1];  they  offer  the  undeniable  advan¬ 
tages  of  being  inexpensive  and  capable  of  generat¬ 
ing  quite  large  values  of  electromagnetic  fields  with 
little  effort,  with  arbitrary  wave  impedances  (e.g. 
E/H  ratio)  [2].  Moreover,  the  generated  fields  are 
confined  inside  the  cell,  thus  reducing  the  risks  of 
interference. 

On  the  other  hand,  they  have  several  serious 
drawbacks:  their  size  dramatically  influences  the 
maximum  usable  frequency;  when  an  object  (DUT) 
is  placed  inside  the  cell,  the  configuration  of  the 
EM  field  can  be  significantly  different  from  that  in 
the  free  space.  For  this  reason  the  Crawford  cells 


are  normally  used  in  the  range  of  frequencies  where 
the  TEM  mode  dominates;  accurate  studies  of  the 
higher  order  mode  cutoff  frequencies  have  been  car¬ 
ried  out  in  the  past  by  several  researchers  [3]  [4]. 
The  electromagnetic  field  configuration  inside  the 
cell  has  also  been  widely  investigated,  for  the  un¬ 
loaded  as  well  as  for  the  loaded  TEM  cell  [5]  [6]  [7] 
[8]- 

However,  it  is  recognized  that  the  question  is 
whether  the  test  object  when  placed  in  a  TEM 
cell  is  stressed  as  in  free  space  [9].  That  is,  the 
proper  comparison  is  not  loaded  versus  unloaded 
TEM  cell,  but  rather  fields  inside  the  object  when 
located  in  the  TEM  cell  versus  fields  when  in  free 
space. 

In  this  paper  we  will  investigate  how  close  the  E- 
field  inside  an  object  placed  into  a  TEM  cell  resem¬ 
bles  that  inside  the  same  object  in  free  space.  For 
this  purpose  we  will  designe  a  TEM  cell  using  the 
standard  formulas  that  can  be  found  in  the  open 
literature;  the  cell’s  cutoff  frequency  is  set  to  200 
MHz.  We  then  place  a  dielectric  object  inside  the 
cell,  on  the  central  conducting  septum.  The  shape 
of  the  object  is  chosen  so  that  the  field  inside  the 
object  can  be  analitically  computed,  when  the  ob¬ 
ject  is  illuminated  by  a  plane  wave  propagating  in 
free  space. 

In  this  respect,  it  is  worthwhile  noting  that  if 
the  object  is  placed  directly  on  the  central  conduc¬ 
tor,  it  is  not  possible  to  neglect  the  presence  of  the 
conductor  itself  when  deriving  the  free-space  equiv¬ 
alent;  i.e.  the  images’  theorem  has  to  be  applied. 

After  discussing  briefly  the  general  properties  of 
the  empty  cell,  we  will  evaluate  the  fields  inside  the 
object  along  longitudinal  lines,  using  a  commercial 
3D  Electromagnetic  Wave  simulator  (HFSS).  The 
computed  fields  are  then  quantitatively  compared 
with  that  obtained  using  the  analytical  solution. 

Comparisons  are  carried  out  at  several  frequen¬ 
cies,  for  objects  of  different  sizes  and  refractive  in¬ 
dices,  in  order  to  investigate  how  closely  (and  un¬ 
der  which  conditions)  a  TEM  cell  can  reproduce, 
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Figure  1:  Cross-sectional  view  of  the  Crawford  cell. 


Figure  2:  Longitudinal  section  of  the  Crawford  cell, 
with  the  DUT  in  place. 


within  the  DUT,  the  effects  of  a  plane  TEM  wave. 


2  The  Crawford  cell 

The  cell  is  designed  to  have  a  cutoff  frequency  of 
200  MHz  for  the  first  non-TEM  mode.  Moreover, 
the  cell  has  to  be  symmetrical  and  its  characteris¬ 
tic  impedance  (when  empty)  has  to  be  Z0  k,  50  fi. 
For  the  calculation  of  the  characteristic  impedance 
Zq  we  use  the  equations  proposed  by  [10],  while 
for  the  calculation  of  the  higher  order  modes  cut¬ 
off  frequencies  we  refer  to  [3].  Using  jointly  the 
conditions  on  Zq  and  the  cutoff  frequency,  we  ob¬ 
tain  the  following  dimensional  values  (see  fig.  1  and 
2):  2a  =  48.2  cm,  2b  =  43.4  cm,  2w  =  39  cm, 
Hi  =  48.2  cm,  and  t  =  1.5  mm.  As  far  as  the 
length  H2  of  the  tapered  transitions  is  concerned, 
we  assume  with  [11]  H2  =  Hi/2  —  24.1  cm. 

With  the  dimensions  above,  the  characteristic 
impedance  evaluated  with  HFSS  is  53.5  fi,  very 
close  to  the  desired  value.  The  TEM  cell  has 
been  closed  on  its  ideal  load  through  a  short  pe- 
ice  (10  cm)  of  transmission  line  (coaxial). 

The  lowest  cutoff  frequencies  evaluated  with  the 
equations  proposed  by  [3]  are  collected  in  table  1; 
the  first  non-TEM  mode  to  be  excited  is  the  TEoi, 
whose  cutoff  frequency  is  200  MHz.  Being  the  TEM 
call  a  high-Q  cavity,  very  sharp  resonances  can  ap¬ 
pear  at  certain  frequencies;  for  our  geometry  the 
first  significant  resonance  (evaluated  with  HFSS)  is 
around  610  MHz,  well  outside  the  frequency  range 
considered  in  this  work. 


Mode 

Frequency 

TEoi 

200.0 

TEio 

311.2 

TEn 

417.8 

TE02 

691.6 

te12 

758.4 

TM12 

758.4 

TE2o 

622.4 

te21 

1056.5 

Table  1:  Cutoff  frequencies  (in  MHz)  of  the  higher- 
order  modes  for  the  empty  TEM  cell. 


Object 

Size  D  (cm) 

£r 

<7,  S  m"1 

A 

9 

6 

0 

B 

9 

12 

0 

C 

9 

12 

10 

D 

16 

6 

0 

E 

16 

12 

0 

F 

16 

12 

10 

Table  2:  Geometrical  and  electrical  characteristics  of 
the  test  objects. 


3  TEM  cell  versus  free-space 

Our  objective  is  to  investigate  the  E-field  inside 
a  dielectric  object  (Dut,  or  Device  Under  Test) 
placed  on  the  central  septum  of  the  Crawford  cell, 
and  to  compare  it  with  that  found  when  the  object 
is  illuminated  by  a  plane  wave  propagating  in  the 
free  space.  In  the  real  world  there  is  an  almost  un¬ 
limited  choice  for  Dut’s  shape  and  dielectric  charac¬ 
teristics;  we  wanted  to  consider  a  non-trivial  shape, 
and  at  the  same  time  to  have  an  analytical  solution 
for  the  fields  inside  the  object  in  free-space. 

In  this  respect  the  spherical  shape  seems  to  be 
a  good  choice,  since  a  rigorous  scattering  theory 
exists  [12]  (Mie  theory).  As  said,  being  the  DUT 
placed  directly  on  the  central  conducting  septum, 
its  free-space  equivalent  has  to  be  found  by  ap¬ 
plying  the  images’  theorem.  For  our  purposes,  we 
placed  a  dielectric  hemisphere  on  the  central  con¬ 
ductor  inside  the  cell,  that  corresponds  to  a  dielec¬ 
tric  sphere  in  free-space. 

We  consider  two  different  values  for  the  diam¬ 
eter  D,  specifically  9  cm  (“small”  DUTs)  and  16 
cm  (“large”  DUTs);  with  a  choice  of  three  different 
values  for  the  dielectric  constant  we  get  a  total  of  6 
different  objects  ( A  to  F,  see  table  2).  Simulations 
and  calculations  are  carried  out  at  the  frequencies 
of  100,  200  and  400  MHz;  for  the  first  two  frequen¬ 
cies  only  the  TEM  mode  can  propagate;  at  400 
MHz  at  least  two  higher  order  modes  (TEoi  and 
TEio)  can  exist. 

To  compare  in  a  quantitative  way  the  values  of 
the  electromagnetic  fields  inside  the  object,  it  is 
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Freq. 

(MHz) 

DUT 

E(HFSS) 
(V  m"1) 

E(Mie) 
(V  m-1) 

AE 

(dB) 

100 

A 

30.7 

25.4 

1.65 

100 

B 

18.1 

14.6 

1.87 

100 

C 

18.0 

14.6 

1.81 

100 

D 

30.5 

25.9 

1.42 

100 

E 

17.9 

15.1 

1.48 

100 

F 

17.9 

15.1 

1.48 

200 

A 

29.2 

26.1 

0.97 

200 

B 

17.1 

15.3 

0.97 

200 

C 

17.3 

15.3 

1.07 

200 

D 

30.4 

28.2 

0.65 

200 

E 

19.0 

17.5 

0.71 

200 

F 

19.1 

17.5 

0.76 

400 

A 

28.5 

29.0 

-0.15 

400 

B 

18.1 

18.4 

-0.14 

400 

C 

18.0 

18.5 

-0.24 

400 

D 

24.2 

38.9 

-4.12 

400 

E 

17.9 

32.3 

-5.13 

400 

F 

17.9 

32.2 

-5.10 

Table  3:  .  Absolute  values  of  the  E-field,  evaluated  in 
O,  for  the  different  DUTs.  Input  power  to  the  cell  is 
4  W. 


necessary  to  establish  a  correspondance  between 
the  power  injected  into  the  TEM  cell  and  the  power 
density  associated  with  a  TEM  wave  propagating 
in  free-space.  Crawford  and  Workman  [13]  propose 
the  following  very  simple  expression  for  the  evalu¬ 
ation  of  the  E-field  Eq  in  an  empty  TEM  cell: 

E0  =  (V  m-1)  (1) 

where  P  is  the  net  input  power  to  the  cell,  Gc  is  the 
real  part  of  the  characteristic  admittance  of  the  cell, 
and  b  is  the  separation  distance  between  the  center 
conductor  and  the  upper  wall  of  the  cell.  This  value 
of  E0  in  the  empty  cell  can  be  associated  to  the 
value  of  the  E-field  of  a  TEM  wave  propagating  in 
free-space  and  illuminating  the  object. 

All  the  simulations  have  been  carried  out  assum¬ 
ing  an  input  power  to  the  cell  P= 4  W;  using  this 
value  in  eq.  (1)  we  obtain  £'o=67.2  V  m-1.  This  is 
only  an  average  value;  in  fact,  the  E-field  is  not  con¬ 
stant  along  the  z-axis,  being  higher  on  the  central 
septum:  using  HFSS  we  obtain  Ea=77.1  V  m_1  for 
2  =  0,  and  i?o=57.5  V  m-1  for  z  —  21.7  cm. 

The  E-field  inside  the  DUTs  is  evaluated  along 
line  L  (fig.  2),  very  close  to  the  central  septum 
(1  mm).  The  center  of  the  hemisphere  is  coinci¬ 
dent  with  the  origin  O  of  the  reference  frame.  The 
absolute  value  of  the  E-fields  in  O ,  for  the  different 
DUTs  at  the  various  frequencies,  are  collected  in 
table  3. 

Figures  3  to  8  show  the  ratio  (in  dBs)  between 
the  E-field  theoretically  evaluated  using  Mie  theory 
(solid  lines)  and  that  obtained  from  3D  simulations 
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Figure  3:  E-field  inside  DUT  D  at  100  MHz,  evaluated 
using  Mie  solution  (continuous  line)  or  HFSS  (dashed 
line). 

(dashed  lines),  at  different  frequencies,  along  line  L. 
The  fields  are  referred  to  that  calculated  with  Mie 
at  the  origin  O. 

From  these  figures  it  is  clear  that  below  200  MHz 
the  discrepancy  between  theoretical  (free-space) 
and  measured  (TEM  cell)  E-fields  is  mainly  due 
to  the  underestimation  of  Eq  in  the  empty  cell,  in¬ 
troduced  by  eq.  (1):  the  actual  value  for  Eq,  close 
to  the  septum,  is  77.1  V  m-1,  about  1.2  dB  higher 
than  that  obtained  through  eq.  (1).  Unfortunately 
this  “offset”  can  be  quantified  only  through  simu¬ 
lation;  if  it  were  possible  to  compensate  for  it,  the 
difference  between  free-space  and  TEM  cell  fields 
would  be  smaller  that  1  dB. 

Things  start  to  change  at  200  MHz,  and  at  400 
MHz  the  discrepancies  are  definitely  not  negligible: 
the  general  behaviour  of  the  E-field  in  free-space  is 
similar  to  that  of  the  field  in  the  cell,  but  differ¬ 
ences  of  several  dBs  can  be  observed.  As  expected, 
these  differences  tend  to  increase  for  increasing  val¬ 
ues  of  the  dielectric  constant;  for  a  large  berillium 
(er  =  6)  sphere  (DUT  D)  the  maximum  difference 
is  about  3  dB  (4.2  dB  is  the  offset  in  Eq  is  taken  into 
account);  this  difference  increases  to  about  5  dB 
(6.2  dB)  if  silicon  is  considered  ( er  =  12).  Only  mi¬ 
nor  changes  can  be  observed  when  silicon  is  slightly 
doped,  as  shown  in  fig.  8. 

4  Conclusions 

In  this  work  we  have  investigated  how  close  the  El- 
field  inside  a  dielectric  hemisphere  placed  on  the 
central  septum  of  a  Crawford  (TEM)  cell  resem¬ 
bles  that  inside  the  equivalent  object  in  free  space. 
The  fields  evaluated  along  longitudinal  lines,  using 
a  3D  electromagnetic  wave  simulator,  have  been 
quantitatively  compared  with  that  obtained  using 
an  analytical  solution. 
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A  good  agreement  between  theoretically-derived 
and  measured  fields  is  found,  when  the  cell  is  oper¬ 
ated  below  the  cutoff  frequency  of  the  first  higher- 
order  mode;  the  discrepancy  is  less  than  1  dB,  pro¬ 
vided  that  the  Eo  field  in  the  empty  cell  is  correctly 
evaluated.  Beyond  this  frequency  limit  the  differ¬ 
ence  increases  sharply;  the  general  behaviour  of  the 
E-field  in  free-space  is  similar  to  that  of  the  field 
in  the  cell,  but  discrepancies  of  several  dBs  can  be 
observed. 

Far  from  being  an  exaustive  study  for  the  quali¬ 
fication  of  loaded  TEM  cells  (nature  and  shape  of 
possible  DUTs  are  extremely  variable),  this  inves¬ 
tigation  gave  us  some  insight  on  the  real  usability 
of  the  Crawford  cell.  A  natural  extension  of  this 
work  is  the  investigation  of  the  fields  inside  DUTs 
suspended  in  the  centre  of  the  cell,  on  dielectric 
stays;  in  this  case  it  won’t  be  necessary  to  consider 
the  image  of  the  DUT. 
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Abstract:  In  the  paper  we  suggest  the  two-  or  three- 
parameters  models  for  sensor  signal  reconstruction. 
For  calculation  of  the  sensor  parameters  the  two- 
dimensional  radiation  problem  is  solved  by  the  FDTD 
technique.  Comparisons  of  computed  and  measured 
sensor  responces  are  presented. 

1.  INTRODUCTION 

For  the  last  15-20  years  the  techniques  for 
measuring  transient  electromagnetic  Fields  in 
nanosecond  and  sub-nanosecond  ranges  have  got 
significant  development  due  to  works  of  C.E.  Baum, 
R.W.P.King,  M.Kanda  and  others  [1,2].  At  the 
moment  the  problem  of  field  sensors  elaboration  is 
still  urgent  owing  to  development  of  ultra-wideband 
short-pulse  electromagnetics  [3], 

This  work  is  concerned  with  passive  electrical 
field  sensors  having  axisymmetric  shapes  and 
resistive  loads.  Three  variants  of  geometry  are 
examined:  disk,  cone,  rod.  The  sensors  with  such 
configurations  are  traditional  and  widely  used  in 
practice . 

2.  EQUIVALENT  CIRCUIT  MODELS  FOR 

THE  SENSORS 

The  transient  response  (i.e.  response  to  step 
excitation)  provides  complete  information  about  the 
sensor.  When  applied  to  sensor  signal  processing, 
this  response  will  allow  reconstruction  of  any 
exciting  field  pulse  very  accurately.  As  a  rule,  the 
sensor  transient  response  is  rather  complex. 
Therefore  for  the  signal  processing  it  is  preferable  to 
use  some  simplified  algorithms,  following  from 
representation  of  the  sensor  as  an  equivalent  circuit 
of  lumped  elements  . 

In  the  most  general  form  the  problem  of 
determination  of  sensor’s  equivalent  circuit  is  solved 
by  the  SEM-method  [4,5],  In  this  method  the  sensor 
response  is  considered  as  a  combination  of  damped 
sinusoids,  complex  frequencies  and  the  amplitudes  of 
which  are  determined  by  solution  of  a  spatial 
homogeneous  integral  equation.  In  general,  the 


sensor  has  series  of  its  own  frequencies  (modes),  each 
of  which  corresponds  to  a  branch  in  the  equivalent 
circuit  (Fig.  1).  The  first  mode,  whose  equivalent 
circuit  is  shown  in  fig.2  has  the  most  essential 
contribution  to  output  signal. 


Fig.  1.  Thevenin’s  equivalent  circuit  representation 
of  a  sensor  in  general  case. 
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Fig.2.  The  sensor’s  equivalent  circuit  considering 
the  first  mode  only. 


It  follows  from  this  circuit  that  the  algorithm  of 
an  incident  field  pulse  reconstruction  from  output 
signal  of  the  sensor  is: 

kE(t)  = 

=  jc/M(r')rf'+*„(o+T^-+/(c/„)  (i) 

0  CO  ctt 
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where 

k  =  RiCah,  t  =  (Rl  +  Ra)Ca, 
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f(Uout)~+°  for  Tty  -»<». 

Predominance  of  one  or  another  term  in  (1)  is  set 
by  choice  of  forms,  sizes  and  loads  of  the  sensor. 
Therefore  several  variants  of  the  algorithm  are 
possible: 

1)  “Differentiating  sensor”  model  including  the 
first  term  on  the  right  side  of  (1)  only. 

2)  “Self-integrating  sensor"  model  including  the 
second  term  only. 

3)  Two-  or  three-parameter  models  using  two  or 
three  terms  in  (1). 

It  is  the  first  two  models  that  are  mainly  used  in 
practice  due  to  simplicity  of  their  realization  [1], 
However  at  today's  level  of  hardware  and  digital 
signal  processing  it  is  quite  possible  to  use  models 
with  large  number  of  parameters.  It  might  be 
expected  that  it  results  in  expanding  of  sensor’s 
frequency  range. 

The  parameters  of  the  algorithm  (1)  k,v,a)  may  be 
determined  during  experimental  calibration  of  the 
sensor.  However  it  is  faster  and  cheaper  to  make 
electromagnetic  computing  using  the  technique 
described  below  replacing,  in  a  sense,  the  calibration 
procedure . 

3.  METHOD  FOR  COMPUTING  TRANSIENT 
RESPONSE  USING  THE  RECIPROCITY 
THEOREM 

The  direct  account  of  the  transient  response  of  a 
sensor  to  the  incident  plane  wave  is  a  three- 
dimensional  electrodynamic  problem  requiring 
significant  computing  resources.  However  for  sensors 
with  axially  symmetric  geometry  it  is  possible  to 
reduce  the  three-dimentional  problem  of  reception  to 
the  two-dimensional  problem  of  radiation.  To  make 
it,  we  use  the  well  known  principle  of  reciprocity  [6, 

7]- 

The  sensor  can  be  either  monopole  located  over  a 
conducting  plane  or  dipole  located  in  free  space.  The 
geometry  of  the  antenna  for  cases  of  reception  and 
transmission  is  schematically  represented  in  fig.  3. 

Being  based  on  the  known  general  ratios  in  the 
frequency  domain  [6],  we  shall  receive  the  calculation 
formulae,  valid  both  for  dipole  and  for  monopole 
antennas. 


Fig.  3.  Schematic  of  the  antenna  for  cases  of 
reception  and  transmission. 

Spectral  density  of  voltage  on  the  sensor  load  in 
case  of  reception  is: 


where  co  -  the  circular  frequency;  Einc  (G)  -  the 
electrical  field  spectral  density  of  an  incident 
vertically  polarized  wave;  6  -  the  incidence  angle  of 
the  wave;  he  -  the  dipole  effective  length;  ZA  -  the 
input  impedance  of  the  dipole  antenna;  Rh  -  the  load 
resistance  (in  our  case  RL  =  50  Om). 

If  the  sensor  is  the  transmitting  antenna,  the 
spectrum  of  the  electrical  field  strength  in  the  far- 
zone  region  is: 


Erad(co,6) 


jcoUiric(co)he(a,G)zQ  -jfr 
ncr(Zi(o))+2Ri 


where  Z0  -  the  characteristic  wave  impedance  of 
the  free  space;  k  -co  /c;  c  -  the  speed  of  light;  r  -  the 
distance  from  the  sensor  to  the  observation  point. 

Let  the  time  forms  and,  hence,  spectra  of  incident 
waves  in  cases  of  reception  and  transmission  are  the 
same: 


Uinc(co,0)  =  rdEinc  ((o,0), 

where  rd  -  some  auxiliary  factor  introduced  for 
coordination  of  dimensions,  for  example,  rj=  lm. 
From  the  formulae  mentioned  above  it  follows: 


2jcordZQ 

Passing  with  the  help  of  Fourier  transformation 
to  the  time  domain,  we  shall  receive: 
t 


UL  = 


m-cRi 

2rdz0 


J£ radit  +  r! c,G)dt . 
0 


The  far-zone  radiation  field  of  the  sensor  is 
calculated  from  fields  on  some  surface  S,  enclosing 
the  sensor,  with  the  help  of  known  integral  ratios  [8]. 
Carrying  out  analytical  integration  with  respect  to 
time,  we  shall  receive: 


Voltage  (mV)  Voltage  (mV)  Voltage  (mV) 
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UL{t,0)  =  -^—9 o-  f{Z0[/i  x  H{s,z)}~ 
2rdz  0  i 

1J 

-[nx  E(s,  r)  x  Fq  ]}ds , 
z  =  t  +  rQ  S  . 

where  n  -  the  external  unit  vector  normal  to  the 
surface  S\  E  and  H  -  the  vectors  of  electrical  and 
magnetic  radiation  fields ;  0Q,rQ  *  the  unit  vectors  in 


the  spherical  coordinate  system;  S  -  the  radius- 
vector  specifying  a  point  position  on  the  surface  S. 

In  the  work  the  radiation  fields  in  some  vicinity 
of  the  sensor  were  calculated  with  the  help  of  the 
finite  difference  time  domain  method  (FDTD)  [9].  At 
the  boundary  of  the  calculation  area  the  second 
order  local  absorbing  conditions  were  used.  For  the 
space  cell  size  of  0.25  mm  the  calculation  of  one 
antenna  geometry  on  the  computer  with  Pentium-166 
processor  required  about  5-6  hours. 


Fig. 4.  The  transient  responses  of  the  sensors. 


Fig.5.  The  reconstructed  field  pulses. 
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Tablel .  The  parameters  of  the  sensors 


Disk 

Cone 

Rod  -] 

tgBlt.w.tnsri 

3- 

k  (nsxmm) 

2.218 

2.220 

5.008 

5.207 

2.630 

2.719 

param 

x  (ns) 

1.047 

1.005 

. 

0.0884 

0.0964 

model 

co/2n  (Hhz) 

0.8867 

1.078 

1.002 

0.9823 

2- 

param 

1 

2.222 

5.051 

5.251 

2.692 

2.777 

model 

HI 

Wmm 

0.9893 

0.1712 

0.1872 

-  1.05x10-3 

2.80xl0-4 

Fig.  6.  The  normalized  transfer  functions  of  the 
sensors  after  the  signal  reconstruction. 


4.  COMPUTED  RESULTS  AND  THEIR 
EXPERIMENTAL  CONFIRMATION 

For  confirmation  of  the  method’s  correctness  the 
numerical  results  were  verified  by  experiment.  For 
simplicity  in  experiment  and  in  calculations 
"monopole"  sensors  and  horizontal  direction  of 
incident  wave  only  were  examined.  The  sensors 
under  test  were  placed  in  the  field  formed  by  the 
conic  asymmetrical  TEM-line.  The  field  pulse  in  the 
TEM-line  had  the  rectangular  form  with  rise  time  of 
about  80  ps.  The  output  signal  of  the  sensors  was 
registered  with  help  of  digital  sampling  oscilloscope 
S9-9  connected  with  computer.  The  small  non¬ 
uniformity  of  the  excited  pulse  top  was  corrected  by 
subsequent  processing  of  results. 

The  results  of  calculations  and  experiment  are 
shown  in  fig.  4.  The  agreement  between  the  results  is 
good  for  all  the  sensors.  The  sensor  geometries  are 
also  depicted  in  fig.4. 

The  transient  responses  of  the  sensors  were 
processed  by  the  algorithm  (1)  with  two  or  three 
terms.  Fitting  the  processed  responses  with  an  initial 
pulse  E(t)  according  to  the  least  squares  method  the 
optimum  values  of  parameters  k,r,a  were 
determined.  In  fig.5  one  can  see  field  pulses 
reconstructed  with  use  of  known  parameters.  The 
parameters  of  the  sensors  obtained  from  measured 
and  calculated  data  in  two-  and  three-parameterical 
approximations  are  given  in  table  1 . 

Analysis  of  the  results  allows  us  to  make  several 
conclusions.  The  reconstruction  by  the  3-parameter 
algorithm  provides  the  highest  accuracy  for  the 
cone.  But  when  2-parameter  model  is  applied  it  is 
preferable  to  use  the  disk.  For  the  rod  the 
reconstruction  errors  are  very  large  in  both 
approximations.  This  is,  apparently,  caused  by 
excitation  of  the  next  (third)  mode  of  the  antenna, 
whose  description  would  complicate  the  equivalent 
circuit. 

In  fig.6  the  frequency  transfer  functions  of  the 
sensors  are  shown  after  signal  reconstruction  by 
using  the  algorithms  with  different  numbers  of 
parameters.  The  figures  demonstrate  that  the  use  of 
two  or  three-parametrical  models  results  in 
sufficiently  increasing  bandwidth  of  measurements  in 
comparison  with  simple  (one-parametrical) 
integration. 

By  means  of  modem  electronics  it  is  possible  to 
create  analog  devices  for  hardware  realization  of  the 
algorithm  (1).  The  sample  of  similar  broadband 
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"pseudo-integrator",  made  in  our  laboratory  and 
working  according  two-parametrical  algorithm  with 
t  =  2  ns,  has  its  own  rise  time  of  about  100  ps  and 
maximum  duration  of  reconstructed  signal  of  about 
300  ns.  When  adjusting  such  devices  for  input  signal 
formation,  it  is  possible  to  use  the  sensor  equivalent 
circuits,  which  is  implemented  physically. 

5.  CONCLUSION 

For  increasing  measurement  bandwidth  by 
passive  field  sensors  it  is  possible  to  use  two-  or 
three-parameter  algorithms  of  signal  reconstruction 
following  from  representation  of  a  sensor  as  some 
equivalent  circuit  of  lumped  elements.  The 
parameters  of  algorithms  may  be  determined  from 
the  transient  response  of  the  sensor  by  the  least 
squares  method. 

For  electrical  field  sensors  having  an 
axisymmetric  form  the  response  can  be  computed 
quickly  due  to  reducing,  according  to  the  reciprocity 
theorem,  the  three-dimentional  reception  problem 
to  two-dimensional  radiation  problem.  The  latter  is 
solved  numerically  in  time  domain  by  the  FDTD 
method. 

For  the  disk-sensor  one  can  restrict  oneself  to  the 

2- parameter  signal  reconstruction  model,  which  is 
quite  simple  for  hardware  realization.  In  case  of  the 

3- parameter  model  the  cone-sensor  is  the  most 
broadband  one. 
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1.  INTRODUCTION 

Intra-  and  inter  cable  crosstalks  may  be  treated 
as  a  measure  of  twisted  pair  cables  emission.  The 
objective  of  our  study  was  to  investigate  the  crosstalk 
between  pairs  of  twisted  wires  in  the  same  cables  and 
between  the  cables.  The  measured  crosstalk  may  be  an 
indication  of  the  ability  to  detect  information. 

The  copper  cables  used  in  computer  networks 
are  sources  of  electromagnetic  radiation  associated  with 
the  transmission  of  electric  signals.  Electromagnetic 
radiation  covers  a  frequency  range  which  depends  on 
the  transmission  technique  applied  (Ethernet, 
FastEthemet,  ATM). 

2.  MEASUREMENT  OF  EMISSIONS 

The  volume  of  crosstalks  as  a  function  of 
frequency  (measured  in  the  cable  and  between  the 
cables  of  the  network,  as  well  as  the  attenuation  of 
electromagnetic  scattering  as  a  function  of  frequency 
(measured  with  an  antenna  in  the  vicinity  of  the  cable 
system),  may  be  a  clear  sin  of  emission  from  symmetric 
cables.  To  check  the  levels  of  emission  from  symmetric 
cables  we  measured  both  the  attenuation  characteristics. 


2.1.  Crosstalks  in  symmetric  cables 

The  tests  were  carried  out  in  a  structural 
cabling  system  made  of  four  twisted  pair  cables  (two  of 
UTP  type,  category  5,  and  two  of  S/UTP  type,  category 
5),  which  had  been  laid  in  parallel  along  a  section  of 
about  85  m.  Shielded  cables  were  earthed  on  the  side  of 
the  floor  distributor  (FD),  and  measurements  were 
performed  with  an  HP871 1A  network  analyser  (Fig.  1). 
The  measurements  were  repeated,  using  a  standard 
wiring  tester  (PentaScanner  350),  made  by  Microtest) 
(Fig.  4).  PentaScanner  350  was  used  to  check  the  utility 
of  structural  wiring  testers  in  preliminary  measurements 
of  emission  from  twisted  pair  cables.  Crosstalk  levels 
were  measured  between  pairs  in  the  same  cable  and 
between  pairs  in  different  cables. 
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Fig.  1.  Measuring  setup  using  a  network  analyser 


Fig.  2.  Crosstalk  level  measured  between  pairs  1-2  and 
1-2  in  two  different  shielded  cables  (S/UTP), 
using  an  HP 871 1 A 
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Fig.  3.  Crosstalk  level  measured  between  pairs  1-2  and 
1-2  in  two  different  unshielded  cables  (UTP), 
using  an  HP 871 1 A 


Intra-cable  crosstalks  were  measured  with  a 
PentaScaner  350  tester.  The  measured  data  were 
verified  in  a  measuring  procedure  performed  with  an 
HP8711A  network  analyser  for  selected  pairs. 
Inter-cable  crosstalks  were  measured  using  both  an 
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HP811A  network  analyser  and  a  PentaScanner  350 
tester. 

When  use  was  made  of  the  HP871 1 A  network 
analyser,  the  output  and  input  signals  were  sent  via 
DMB-4  baluns  (100Q/50Q)  made  by  EG&G,  which 
were  very  well  balanced  with  respect  to  mass  (above  50 
dB)  in  the  entire  range  of  the  investigated  frequencies 
(300kHz- 100MHz).  Each  cable  pair  ended  with  a 
matched  load  of  a  lOOfi  impedance. 


Fig.  4.  Measuring  setup  using  a  PentaScanner  350 
tester 


2.2.  Measurement  of  signal  attenuation 

characteristics  in  the  vicinity  of  the  cable 
network  with  the  use  of  an  active  antenna 

Signal  attenuation  was  measured  in  the  same 
structural  cabling  system  as  were  crosstalks.  Use  was 
made  of  two  measuring  antennas  (a  magnetic  antenna  of 
BBH- 1100/A  type  and  an  electric  antenna  of  ADA- 
120/A  type  made  by  Antenna  Research  Associates)  and 
a  network  analyser  (of  HP8711A  type)  (Fig.  1).  The 
output  signal  of  the  HP8711A  network  analyser  was 
passed  by  the  DMB-4  balun  to  a  pair  of  the  shielded  or 
the  unshielded  cable. 


Fig.  7.  Setup  for  attenuation  characteristic 


measurements 


(a) 


(b) 


Fig.  5.  Crosstalk  level  measured  with  a  PentaScanner 
350  tester: 

(a)  -  between  pair  1-2  and  pair  3-6  in  the  same 

shielded  cable  (S/UTP), 

(b)  -  between  pair  1-2  and  pair  1-2  in  two 

different  shielded  cables  (S/UTP), 


Fig.  8.  Attenuation  measured  with  a  BBH-1 100/A 

antenna,  for  (a)  an  unshielded  cable  (UTP),  and 
(b)  a  shielded  cable  (S/UTP) 


(a) 


(b) 


m 


Fig.  6.  Crosstalk  level  measured  with  a  PentaScanner 
350  tester 

(a)  -  between  pair  1-2  and  pair  3-6  in  the  same 

unshielded  cable  (UTP), 

(b)  -  between  pair  1-2  and  pair  1-2  in  two 

different  unshielded  cables  (UTP), 


3.  POSSIBILITY  OF  INFORMATION 
DETECTION 

When  the  characteristics  of  the  transmitted 
signals  and  propagation  phenomena  are  known  ,  there  is 
a  strong  possibility  that  the  source  signal  can  be 
reconstructed. 

To  verify  the  possibility  of  information 
detection  the  electromagnetic  field  in  the  vicinity  of  the 
structural  cabling  system  was  measured  in  the  time 
domain.  The  source  signal  (in  the  from  of  Ethernet-type 
frames)  was  generated  from  a  protocol  analyser  of  HP 
J2302B  type  to  a  network  cable  connected  with  another 
device.  Use  was  made  of  a  BBH-1 100/A  antenna 
connected  to  a  TDS640  digital  oscilloscope  made  by 
Tektronix.  The  measurement  was  synchronized  with  the 
signal  of  the  Ethernet  frame  controlled  by  a  current- 
difference  probe. 
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Fig  9.  Setup  for  signal  measuring  in  the  detection 
circuit 


TE>K  Running  SO  OMS/s  Average 


Cr-n  i  00m'v«  CPT5  s4’OmVO  M  t  OOms*  Ch2  /  *6  7 mV 

Fig.  10.  Preamble  to  an  Ethernet-type  frame,  measured 
with  an  oscilloscope:  in  an  unshielded  cable 
(UTP)  ( top  of  the  chart)  and  in  the  listening-in 
channel  (bottom  of  the  chart) 

4.  CONCLUSIONS 

When  use  in  made  of  circuit  methods  and  field 
methods,  it  is  possible  to  assess  the  desired  dynamics  of 
the  measuring  setup  for  the  determination  of  emissions 
from  twisted  pair  cables  which  are  used  in  LAN’s.  As 
shown  by  the  measured  data,  in  a  standard  network  the 
dynamics  of  100  dB  is  sufficient  ( Fig.  2,  Fig.  3,  Fig.  8). 
Measurements  in  the  time  domain  by  the  field  method 
(Fig.  10)  have  revealed  that  even  a  slight  processing  of 
the  measured  signal  makes  it  possible  to  find  out  what 
kind  of  information  is  being  transmitted  by  the  network. 


Comparison  of  qualitative  differences  between  shielded 
and  unshielded  twisted  pair  cables  (Fig.  8)  has  led  to 
the  following  findings.  Emission  from  unshielded 
cables  is  higher  than  that  from  the  shielded  ones.  In 
adequately  constructed  networks  the  shielded  system 
provides  a  lager  „safety  margin”  which  makes  the 
detection  of  useful  information  more  difficult  than  does 
the  „safety  margin”  provided  by  the  unshielded  system. 
However,  even  an  appropriately  designed  network  will 
not  be  able  to  meet  such  an  emission  requirement  that 
provides  sufficient  protection  of  useful  information. 
The  compatibility  of  the  system  is  affected  by  each 
component  of  the  network.  In  a  shielded  network,  a 
lack  of  continuity  may  result  in  that  the  screen  begins  to 
act  as  an  antenna.  In  an  unshielded  network,  an 
unbalanced  transmitter  or  receiver  in  the  network  card 
may  cause  that  the  level  of  the  emitted  electromagnetic 
field  will  rise  dramatically 
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An  investigation  of  the  performance  between  four  EN 
45001  accredited  10m  OATS  in  Germany  is  conducted.  Start¬ 
ing  with  the  ±  4dB  NSA  criterion  of  the  empty  calibration  for 
each  site  a  small  battery  driven  test  radiator  resulted  in  devi¬ 
ations  of  ±  6dB  of  the  mean  value  from  the  four  sites.  A  spe¬ 
cially  prepared  desktop  computer  system  with  cables  driven  by 
the  test  radiator  source  and  not  powered  by  the  mains  caused 
deviations  of  up  to  ±  12dB.  The  test  results  were  repeated  in  a 
7m  x  4m  x  3m  FALC  and  compared  to  the  mean  values  of  the 
four  OATS.  The  3m  FALC  results  demonstrated  excellent 
agreement  with  the  10m  OATS  for  both  EUTs. 

1.  INTRODUCTION 

One  requirement  for  an  accredited  EMC  lab  under  EN 
45001  and  ISO  25  in  order  to  establish  its  measurement  uncer¬ 
tainty  is  the  participation  in  round  robin  tests.  This  comparison 
is  important  to  determine  the  absolute  precision  and  the  repeat¬ 
ability  to  meet  legal  criteria.  Further  more  having  a  small  un¬ 
certainty  may  help  the  customer  to  save  money  in  preventing 
costly  over  designs.  Experience  teaches  radiated  emissions  to 
be  a  major  obstacle  to  reach  CE  compliance.  This  is  normally 
measured  on  open  area  test  sites  (OATS)  or  in  alternative  faci¬ 
lities  (e.g.  FALC).  FALCs  are  relatively  new  in  the  standards 
and  easier  to  operate  because  of  less  ambients.  A  major  benefit 
is  the  cost  reduction  in  building  expenses  and  testing  time,  due 
to  neglecting  the  height  scan  [1],  [2], 

To  verify  and  explain  the  often  found  discrepancies  be¬ 
tween  fully  accredited  OATS  (NSA  empty  calibration  ±  4dB) 
and  using  them  with  the  same  EUT,  we  performed  round  robin 
tests  among  four  10m  OATS  without  weather  protection. 
These  OATS  were  situated  in  various  parts  of  Germany  and 
belonged  to  government  accredited  test  houses. 

2.  COMPARISON  OF  DIFFERENT  OATS 

2.1.  NSA 

In  order  to  validate  the  10m  accredited  OATS  the  normal¬ 
ized  site  attenuation  (NSA)  of  ±  4  dB  according  to  CISPR  16 
and  ANSI  C-63.4/1992  was  rechecked  on  each  site.  These  sites 
belong  to  different  BAPT  or  DATECH  officially  accredited 
EMC  test  labs  according  to  EN  45001  scattered  all  over  Ger¬ 
many.  On  our  own  EES  10  m  reference  site  with  wire  mesh 
ground  plane  dimensions  18  m  x  21  m  we  measured  the  fol¬ 
lowing  NSA  (fig.  1  and  fig.  2).  The  27  measurement  values  are 
well  within  the  ±  4  dB  tolerance  band,  which  is  marked  in  the 
figures. 


Fig.  1:  Vertical  NSA  of  the  10  m  Reference  Site 


2.2.  Using  a  Small  Test  Radiator 

Fulfilling  the  ±  4  dB  NSA  criterion  for  the  empty  site  does 
not  necessarily  mean  that  real  objects  (EUT)  are  correctly  mea¬ 
sured  within  the  same  error  limits.  For  the  actual  test  we  used  a 
40  cm  long  symmetrically  driven  broad  band  dipole.  The  gen¬ 
erator  was  a  small,  stable,  battery  operated  10  MHz  spectral 
line  source.  The  test  radiator  was  measured  according  to  EN 
55022  class  B.  Consequently  a  full  height  scan  was  executed. 
In  order  to  save  time  only  four  positions  on  the  turn  table 
where  typically  checked.  The  peak  and  not  the  quasi-peak  de¬ 
tector  mode  was  used  because  of  the  known  stable  characteris¬ 
tics  of  the  test  radiator. 


Fig.  4:  Deviation  Results  for  the  Small  Test  Radiator  on  the  Four  Different  10  m  OATS 


In  the  low  frequency  range  we  used  a  biconical  antenna 
and  measured  each  peak,  spaced  10  MHz  apart.  Above  200 
MHz  we  used  a  logarithmic  periodic  antenna  at  20  MHz  inter¬ 
vals.  This  resulted  in  typical  test  times  of  one  to  two  days  per 
site. 

The  measurements  where  performed  over  several  month  in 
summer  and  autumn  1997.  We  used  the  existing  equipment 
and  site  of  the  very  organization  with  always  the  same  EES 
test  engineer,  supervising  the  measurements.  As  expected 
many  problems  with  ambient  signals  on  the  OATS  according 
to  their  specific  and  permanently  changing  environment  (GSM 
at  900  MHz)  were  experienced,  resulting  in  degraded  signal 
noise  ratio. 

Before  and  after  each  test  the  test  radiator  was  rechecked 
in  our  accredited,  traceable  test  lab  in  Teltow.  We  tested  the  50 


Ohm  generator  output  between  30  and  1000  MHz,  regarding 
the  spectral  distribution  and  amplitude.  The  spectrum  genera¬ 
tor  characteristics  stated  by  the  manufacturer  is: 

-  frequency  error:  <1*1 0"^' 

-  discrete  line  stability:  <  ±  0.2  dB  (20°  C) 

-  temperature  drift  <  ±  0.5  dB  (+10°  to  30°  C) 

As  shown  in  Fig.  3  the  typical  radiation  characteristic  of 
the  test  radiator  exhibits  a  resonance  around  200  MHz.  The 
deviation  is  investigated  by  calculating  the  mean  value  of  the 
four  sites.  This  compares  favorably  with  the  absolute  values  of 
the  EES  reference  site.  The  deviation  of  the  OATS  from  the 
mean  value  is  given  in  fig.  4.  This  results  in  an  overall  devi¬ 
ation  of  about  ±  6  dB.  Such  values  are  within  the  known  errors 
listed  in  the  international  literature  [3],  [4],  [5]. 


0  200  400  600  800  MHz  1000 

Fig.  5:  Measurement  Results  of  the  Special  System  with  Cables  on  the  Four  OATS 
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2.3.  Special  Desktop  System  with  Cables 

Below  150  MHz  cables  play  a  very  important  role  in  ra¬ 
diated  emission  measurements.  Therefor  a  generic  object,  rep¬ 
resenting  a  typical  ITE  EUT,  a  desktop  computer  system,  was 
subjected  to  basically  the  same  procedure  as  under  chapter  2.2. 

Due  consideration  was  given  to  create  a  stable  source, 
however,  fully  representative  of  real  devices  including  cables. 
This  is  why  we  mounted  a  video  display  unit,  a  desktop  PC, 
including  mouse  and  power  supply  cable  in  the  same  way,  as 
normally  being'used,  on  a  wooden  platform,  giving  all  cables  a 
fixed  horizontal  and  vertical  position.  The  big  difference  to  the 
real  live  system  is  the  installation  of  our  stable  test  generator 
inside  the  computer  chassis  between  the  boards.  The  generator 
output  was  directly  connected  to  the  DC  power  supply  system 
cable,  feeding  all  boards.  The  power  cord  was  not  connected  to 
the  usual  230V  AC.  This  procedure  results  in  a  realistic,  but 
stable  scenario  of  RE  leakage  currents  through  out  the  PC  sys¬ 
tem. 

Fig.  5  illustrates  the  measured  results  of  this  system  on  all 
four  sites.  The  deviation  can  be  depicted  from  fig.  6,  resulting 
in  about  ±  12  dB.  The  strongest  deviation  appears  near  30 
MHz.  The  deviation  seams  to  be  high,  but  is  not  unusual  be¬ 
tween  laboratories.  Similar  results  have  been  obtained  in  the 
first  round  robin  tests  several  years  ago  in  the  UK  by  NAMAS. 

3.  CALIBRATION  RESULTS  IN  FALCS 

As  listed  in  [1]  we  used  a  7m  x  4m  x  3m  fully  anechoic 
chamber  lined  with  ferrite  tiles  and  a  3  m  test  distance,  includ¬ 
ing  a  special  electromagnetically  "non-reflecting"  turn  table. 
The  previous  paper  outlines  the  conversion  procedures  to  3m, 
10m  and  30m  test  distances  over  metallic  ground  planes.  The 
same  results  are  obtained  in  [6],  however,  using  a  different 
method. 

Additionally  it  is  pointed  out  to  potentially  existing  errors, 
extrapolating  even  10m  ground  plane  sites  to  30m  sites,  using 
exactly  the  prescribed  method  as  in  the  C1SPR  standard.  Using 
only  the  inverse  distance  law,  adding  10  dB,  may  result  in 
additional  errors  for  ground  plane  sites  of  up  to  +8,  -6.9  dB. 
This  fact  disqualifies  10m  semi-anechoic  chambers  to  be  used 
under  EN  55011 :  10/97  for  group  1  class  A  ISM  equipment. 

This  disadvantage  does  not  exist  in  the  fully  anechoic 
chamber,  because  the  indirect  path  shouldn't  be  existing. 


The  calibration  results  for  our  FALC  are  shown  in  fig.  7 
and  8  for  vertical  and  horizontal  polarization,  converted  to  the 
10m  ground  plane  equivalent. 


Fig.  7:  Equivalent  10  m  OATS  vertical  calibration  for  our 
7m  x  4m  x  3m  FALC 


Fig.  8:  Equivalent  10  m  OATS  horizontal  calibration  for  our 
7m  x  4m  x  3m  FALC 


4.  COMPARISON  OF  OATS  AND  FALC  DATA 

4.1.  Using  a  Small  Test  Radiator 

The  reference  radiator  was  used  with  the  results  as  demon¬ 
strated  in  fig.  9.  The  error  band  is  derived  from  the  mean  value 
of  the  four  OATS  adding  ±  4  dB.  The  result  is  almost  perfect. 
Only  around  300  MHz  one  data  point  is  slightly  off. 
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Fig.  9:  Comparison  of  OATS  and  FALC  for  the  Small 
Radiator 


4.2.  Special  Desktop  System  with  Cables 

We  repeated  the  system  tests  in  the  same  way  as  described 
before  on  the  turn  table  at  3  m  antenna  distance  in  our  FALC. 
The  same  antennas,  turn  table  and  receiver  as  on  the  EES  ref¬ 
erence  site  were  used.  Fig.  10  reveals  the  interesting  truth.  The 
error  band  represents  the  OATS  data  of  the  special  system  with 
cables  (mean  value  ±  4  dB).  The  overall  result  for  the  FALC  is 
in  very  good  agreement  to  the  OATS  result. 


Fig.  10:  Comparison  of  OATS  and  FALC  for  the  Special 
System  with  Cables 


5.  CONCLUSIONS 

OATS  to  FALC  correlation  can  be  performed  with  good 
agreement.  The  advantages  of  the  FALC,  however,  are  evi¬ 
dent: 

-  no  ambients 

-  practically  no  antenna  height  scan 

-  much  better  repeatability 

-  emission  and  immunity  testing  with  the  same  test  setup 

-  cost  and  time  savings 

Furthermore  the  received  and  stored  raw  data  can  be  post 
processed  and  correlated  to  any  OATS  distance. 

In  the  second  part  of  1998  the  German  accreditation  planes 
a  mandatory  round  robin  test  for  all  100  EMC  labs. 


6.  REFERENCES 

[1]  D.  Ristau,  D.  Hansen:  "Correlating  Fully  Anechoic  to 
OATS  Measurements",  Proceedings  of  the  EMC  96 
Wroclaw  Symposium,  Wroclaw,  Poland,  1996,  pp. 
402-405 

[2]  D.  Hansen,  S.  Moessler:  "NSA  o.k.  is  now  all  o.k.?" 
(German:  "Normgerecht  ist  nicht  gleich  Normen  gerecht"), 
EMV-ESD,  No.  4,  1997,  by  EMP  Verlag,  Boeblingen,  pp. 
26-29 

[3]  L.  E.  Kolb:  "Statistical  Comparison  of  Site-toSite 
Measurement  Reproducibility",  Proceedings  of  the  1996 
IEEE  Int.  Symposium  on  EMC,  Santa  Clara,  CA,  USA, 
1996,  pp.  241-244 

[4]  D.  Steinbach:  "A  comparison  of  results  of  GTEM  emission 
measurements"  (German:  "Vergleichbarkeit  von 
Ergebnissen  aus  GTEM-Emissionsmessungen")  in 
HF-Report,  No.  2,  May/Junel997 

[5]  J.  DeMarinis:  "The  Antenna  Cable  as  a  Source  of  Error  in 
EMI  Measurements"  Proceedings  of  the  1988  IEEE  Int. 
Symposium  on  EMC,  Seattle,  WA,  USA,  1988,  pp.  9-14 

[6]  T.  Jahn,  D.  Hansen:  "Are  Fully  Anechoic  Emission 
Measurements  in  Compliance  with  the  Standards"  in 
International  Product  Compliance,  No.  1,  1998, 

by  James&James,  London,  pp.  25-29 

[1],  [2]  and  [6]  available  from  http://www.euro-emc-service.de 
ACKNOWLEDGMENT 

The  authors  have  to  thank  Dipl.-Ing.  Stefan  Moessler  for 
excellence  in  performing  the  majority  of  the  measurements  and 
the  data  processing. 

BIOGRAPHICAL  NOTES 

Dr.-Ing.  Diethard  Hansen  is  president 
of  the  EES  company  group,  specializing  in 
r~  flW  EM?  test  products,  consulting,  training, 

jPIjEPs  y  '  testing  and  R&D.  Further  areas:  LVD,  ra- 
;  =  dio,  automotive  and  medical.  He  is  holding 

a  BS/MS  in  electrical  engineering  from 
Germany  and  a  Ph.D.  degree  from  TU  Ber- 
lin.  More  than  20  years  of  industrial  EMC/ 
EMP  experience,  35  patents  (GTEM,  EUROTEM,  Poyntor) 
and  130  professional  publications  as  well  as  chairmanships  are 
assigned  to  him.  He  is  the  manager  of  the  EES  Competent 
Body  and  member  of  the  board  of  European  Competent  Bodies 
ACB  -  Brussels.  Memberships:  IEEE/EMC,  CENELEC,  ETSI 
and  IEC. 

Dr.-Ing.  habil.  Detlef  Ristau  is  vice 
president  of  EES  Teltow  near  Berlin.  He  is 
leading  the  EES  R&D  division.  Dr.  Ristau 
is  holding  all  engineering,  Ph.D.  and  lec¬ 
turer  degrees  from  the  university  of  trans¬ 
port  Dresden,  Germany.  He  has  published 
numerous  scientific  contributions  in  major 
professional  journals  and  symposia  and  he 
is  one  of  the  inventors  of  the  EUROTEM,  Poyntor.  His  par¬ 
ticular  interest  includes  sophisticated  electromagnetic  field 
problems.  He  is  a  member  of  the  IEEE  EMC  society  of  the 
United  States. 

Both  authors  may  be  reached  by  phone  +49  3328  430  141 
or  e-mail:  euro.emc.service@t-online.de. 


EMC  98 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


GYROMAGNETIC  CONVERTER  SELECTIVITY  CURVE  FORMATION  FOR  FREQUENCY- 
SELECTIVE  MICROWAVE  MEASURING  DEVICES 

Koledintseva  M.Yu.*,  Kitaytsev  A.A. 

Moscow  Power  Engineering  Institute  (Technical  University) 
Krasnokazarmennaya,  14,  Moscow,  111250  Russia 
Tel.  (095)362-79-58,  fax:  (095)362-89-38,  e-mail:  koled@home.orbita.ru 


The  principle  of  operation  of  microwave 
frequency  &  power  gyromagnetic  converter  (GC) 
using  stable  non-linear  phenomena  at  ferromagnetic 
resonance  in  monocrystal  ferrite  resonators  (FR)  is 
discussed.  The  GC  are  used  in  microwave 
panorama  devices  for  frequency-selective 
measurements  of  the  signals  power  parameters 
(wideband  noise  spectrum  power  density,  integral 
density  in  the  given  frequency  band,  peak  power  of 
the  pulses,  power  of  the  deterministic  signal  at  the 
certain  frequency). 

The  method  of  formation  the  necessary 
selectivity  curve  (SC)  of  the  gyromagnetic  converter 
(GC)  used  in  microwave  panorama  frequency- 
selective  measurers  of  power  parameters  is 
presented.  This  method  using  multi-channel  scheme 
of  the  weighted  summation  of  the  FR  magnetization 
components  at  the  harmonics  of  the  modulation 
frequency  leads  not  only  to  the  possibility  of  the  SC 
shape  control,  but  even  to  increasing  the  GC 
conversion  coefficient. 

1.  INTRODUCTION 

Development  of  methods  and  equipment  for 
frequency-selective  power  parameters  measurement 
of  radiation  produced  by  microwave  active  devices  of 
middle  and  high  power  level  (10‘3-103  W)  is  an 
urgent  problem.  Modern  EMC  Standards  demand 
the  levels  of  active  electronic  devicqs  being  detected 
and  controlled  up  to  the  third  harmonic  of  the  main 
oscillation.  Microwave  measuring  devices  need  high- 
quality  tunable  filters-preselectors  (or  a  set  of  filters) 
at  their  input  with  the  suppression  of  spurious 
signals  more  than  -60  dB.  It  is  a  complicated 
technological  problem,  especially  when  coming  to 
mm-waveband.  There  are  a  lot  of  problems 


connected  with  waveguide  path  calibration  and 
identification  of  spurious  reception  channels  of 
standard  microwave  heterodyne  analyzers, 
especially  in  multi-signal  regime  of  active  devices 
operation,  when  level  of  irradiation  intensity  and  its 
frequency  range  are  not  clear  beforehand. 

For  evaluating  the  electromagnetic  situation  in 
wide  frequency  range  (more  than  two  octaves), 
visualization  of  wideband  signals  spectrum 
envelopes  and  measuring  power  parameters  of 
microwave  signals  the  panorama  frequency- 
selective  devices  on  base  of  gyromagnetic 
converters  (GC)  have  found  their  application  [1], 
Various  constructions  of  the  GC  in  cm  and  dm  wave 
bands  permit  to  operate  at  10‘7-103  W  of  continuous 
power  at  linear  dynamic  range  of  a  GC  25  dB  [2]. 
Due  to  the  non-heterodyne  principle  of  frequency 
and  power  conversion  [3]  in  the  GC,  they  are  free 
from  spurious  channels  of  reception,  connected  with 
combination  frequencies.  They  have  constant 
conversion  coefficient  in  wide  operation  frequency 
band  (about  10  mV/W),  and  due  to  their  frequency 
selectivity  (determined  by  the  ferrite  resonator 
quality)  can  measure  rather  small  signal  spectrum 
density  in  presence  of  intense  electromagnetic 
interference.  The  demands  to  the  pre-selectors  at 
the  input  of  measuring  devices  (-60  dB  losses 
outside  the  passband  and  minimum  possible  losses 
in  the  passband)  may  be  less  strict  when  using  the 
GC. 

GC  is  designed  on  base  of  the  ferrite  resonator 
(FR)  with  element  for  its  resonance  frequency 
modulation  and  the  converted  signal  output  (spiral 
microcoil  or  Hall-element)  [1,2].  In  dm  and  cm 
waveband  there  are  usually  used  monocrystal 
ferrogarnet  resonators  with  narrow  resonance  line 
(units  of  MHz).  The  FR  is  magnetized  by  the  external 
magnetic  system,  being  also  used  for  the  resonator 
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tuning  in  wide  frequency  range.  Ferrogarnets  are  not 
used  in  mm  waveband,  because  they  need  field  of 
FR  magnetization,  increasing  with  the  operating 
frequency,  and  thus  the  external  magnets  become 
too  massive.  But  application  of  prospective 
hexagonal  monocrystal  ferrites  with  internal 
magnetic  field  of  crystallographic  anisotropy  leads  to 
the  possibility  of  GC  design  for  mm  waveband 
without  massive  external  magnets  [2,4], 

2.  PRINCIPLE  OF  THE  GYROMAGNETIC 
CONVERTER  OPERATION 

The  principle  of  the  GC  operation  is  based 
on  non-linear  stable  effects  at  ferromagnetic 
resonance  (FMR)  in  the  FR  [5].  At  the  interaction  of 
microwave  field  with  the  GC  having  modulated 
resonance  frequency  ‘cross-multiplication’  regime 
takes  place.  It  means  that  at  the  harmonic  input 
microwave  signal  the  voltage  in  the  output  element 
(spiral  microcoil  or  Hall-element)  contains  only 
harmonics  of  modulation  and  does  not  depend  on 
the  carrier  of  the  input  signal  [3]. 

The  modulation  frequency  Q  is  rather  low 
compared  to  the  carrier  of  the  microwave  signal  co 
and  comparable  or  even  less  than  that  of  the  FR 
relaxation  at  FMR  (RF  band).  Modulation  of  the  FR 
resonance  frequency  can  be  either  ‘field’  (by 
modulation  of  the  magnetization  field  )  or  ‘angular’ 
(by  modulation  of  the  uniaxial  hexagonal  ferrite 
angle  of  crystallographic  magnetic  axis  orientation 
relatively  to  the  constant  magnetization  field 
direction)  [6]. 

The  longitudinal  component  of  any  FR 
magnetization  vector  Mz  is  proportional  to  the  sum  of 
squares  of  the  transversal  components  and  is 
determined  by  the  formula,  generalized  from  that 
valid  for  the  ferrogarnet  with  zero  crystallographic 
field  of  magnetic  anisotropy  [7]: 
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These  formulae  use  the  following  notations:  Ms  is 
the  saturation  magnetization  of  the  FR, 
C0M  -  PoyMs  ;  Jo(A0m)  is  Bessel  function  of  the 
zero  order  of  argument  Adu,  deviation  of  the  FR 
angle  of  crystallographic  axis  orientation  (for  the 
uniaxial  hexagonal  ferrite  resonator  at  ‘angular’ 
modulation  of  the  resonance  frequency);  S 
determines  the  half  of  the  FR  line  width,  cor  is  the 
ferrite  relaxation  frequency,  xo  is  the  FR  static 
susceptibility,  Nt  is  the  FR  transversal 
demagnetization  factor;  hxm  ym  are  the  amplitudes  of 
the  transversal  microwave  magnetic  field;  p  is  the 
relative  frequency  of  modulation;  q  is  the  normalized 
amplitude  of  modulation  (with  a ^  -  amplitude  of  the 
FR  resonance  frequency  modulation  at  either  ‘field’ 
or  ‘angular’  control),  a  is  the  relative  detuning  of  the 
FR  resonance  frequency  coq  from  the  carrier  of  the 
microwave  signal  co. 

Thus,  in  the  vicinity  of  the  FMR  the  longitudinal 
component  of  the  FR  magnetization  vector  contains 
the  harmonics  of  the  modulation  frequency 
K¥n(a,p,q),  and  so  does  the  voltage  in  the  output 
element  (microcoil  or  Hall-element)  En(a,p,q). 
Each  harmonic  can  be  selected  by  the  proper  filter  of 
the  converted  signal  at  intermediate  frequency.  The 
amplitude  of  the  harmonic  depends  on  the 
microwave  signal  and  the  FR  parameters,  as  it  is 
seen  from  the  listed  above  formulae. 


3.  THE  GYROMAGNETIC  CONVERTER 
SELECTIVITY  CURVE 


The  frequency-selective  properties  of  the  GC  are 
characterized  by  its  selectivity  curve  (SC).  It  is 
determined  by  the  dependence  of  the  output  signal 
on  the  detuning  of  the  FR  central  resonance 
frequency  co0  from  the  signal  carrier  a>.  As  the 
second  harmonic  xi'2(a )  is  the  most  intense  one 
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with  maximum  at  zero  detuning  ,  it  is  usually  used  in 
practice  (the  1-st  harmonic  Is  not  used,  because  It  Is 
necessary  to  separate  the  modulation  signal  and  the 
converted  signal  in  one  output  element,  and  when 
using  the  2-nd  or  other  harmonics  special  filter  is 
applied).  The  SC  has  the  form  of  this  harmonic 
versus  detuning,  and  it  is  similar  to  the  second 
derivative  of  the  resonance  curve. 

Optimum  parameters  of  modulation  (normalized 
amplitude  of  modulation  q=a> m  /  Q=3.55,  relative 
modulation  frequency  p=Q/  S-0.8  )  [8],  when  the 
second  harmonic  is  maximum  VP2(0)  =  0.32  can  be 
found,  and  the  conversion  coefficient  of  the  GC  is 
maximum,  too.  But  at  these  parameters  the  SC  has 
inhomogenious  shape  with  two  side  lobes.  This  is  an 
unwanted  situation  for  the  signals  determination  and 
resolution  when  there  are  several  signals  with 
different  intensities  in  the  panorama  view. 

By  choosing  the  modulation  parameters 
(q=1.6,p=1.8),  we  can  get  rid  of  the  inhomogenities 
in  the  form  of  the  SC  on  base  of  the  second 
harmonic  [9],  but  this  is  known  to  reduce  the 
conversion  coefficient  and  broaden  the  SC  width, 
thus  leading  to  worse  resolution  of  the  microwave 
signals. 

On  the  other  hand,  for  accurate  measuring  of  the 
irradiation  intensities  it  is  necessary  to  obtain  flat  top 
of  the  SC.  Then  the  impact  of  destabilizing  factors 
on  the  FMR  frequency  is  essentially  less.  But  it  is 
impossible  to  get  flat  top  when  using  only  the  second 
harmonic  at  any  modulation  parameters. 

The  presented  method  of  SC  control  makes  it 
possible  to  form  the  needed  shape  of  the  SC  for  the 
mentioned  above  problems  solution.  This  method  is 
based  on  selecting  several  harmonics  of  modulation 
in  the  output  voltage  £„  and  weighted  summation  of 
their  square  amplitudes  with  certain  coefficients  Kn 
[10]: 

S(<0  =  Z  El  K,, 

n=2 

where 

En  =  npy¥n 

The  formula,  convenient  to  the  SC  calculation  is 
the  following: 

5(a)  =  (%(a))2±(%(a)R3)2±.±(Vn(a)Rn)2 
where  _ 


Certain  vector  of  the  weight  coefficients 
R-[\,R3,R4,...,Rn]  corresponds  to  each  SC,  and 
its  form  can  be  optimized  by  choosing  the  proper 
coefficients  at  the  most  typical  modulation 
parameters,  corresponding  to  the  maximum  of  the 
second  harmonic,  for  example,  p=0.8,  q=3.5.  If  some 
harmonic  is  subtracted,  corresponding  coefficient  is 

written  as  R ,  .The  calculation  results  are 
represented  on  Fig.  1-3. 

Fig.1  shows  the  normalized  SC  5(a)/5(0)at  the 
summation  of  the  squares  of  the  2-nd,  3-rd  and  4-th 
harmonics  with  different  coefficients.  At 

[fl]=[U5,4,0]  we  get  the  most  “smooth”  SC  with 
the  corresponding  conversion  coefficient  twice  as  big 
as  in  the  case  of  only  the  second  harmonic  at  p-1.8, 
q=1.6  and  10  per  cent  more  than  at  p=0.8,  q=3.5. 
Summation  of  only  2-nd  and  4-th  harmonic  squares, 
as  well  as  of  the  2-nd  and  4-th  doesn't  lead  to 
reduction  of  inhomogenities.  But  optimization  with 
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the  5-th  harmonic  at  [7?]  = 


1,0,3.4,68] 


allows  to 


minimize  side  lobes  and  lessen  the  SC  width,  too 
{Fig. 2).  Fig.3  represents  for  the  comparison  SC 
formed  by  various  ways. 

Thus,  one-signal  narrow  SC,  formed  using  the 
presented  algorithm,  leads  to  the  better  signal 
resolution,  than  the  SC,  formed  only  on  base  of  the 
2-nd  harmonic. 

The  scheme  of  this  method  apparatus  realization 
is  shown  in  Fig.4.  There  are  used  the  following 
notations:  GC  -  gyromagnetic  converter,  M- 
modulator,  Fr  filter  of  the  i-th  harmonic;  Kj- 
multiplication  coefficients;  SD-  square  detectors;  2- 
summator;  SR-square  root  block. 

Now  let's  consider  two  signals  at  frequencies 
with  powers  P1t  P2,  correspondingly. 
Fig. 5, 6  show  signals  resolution  at  different  ways  of 
SC  formation  (the  signals  are  taken,  for  instance, 
equal  in  their  amplitude).  At  the  ordinary  way  with 
only  the  2-nd  harmonic  it  is  difficult  to  identify  two 
signals  even  at  large  difference  their  carriers  (Fig.5). 
When  the  SC  being  wide  and  flat  at  the  top  we  get 
uniqueness  of  signals  determination  and 
measurement  of  their  intensities,  but  resolution  is 
rather  low  (Fig. 6).  We  can  see  good  resolution  of  the 
signals  due  to  the  special  form  of  the  SC  with 


[R]  = 


10,4,6 


Fig.3 


Fig.4 


S(a)/S(0) 


The  presented  method  has  an  advantage:  it  doesn't 
demand  high  accuracy  of  the  coefficients  realization. 
The  form  of  the  SC  doesn’t  essentially  depend  on 
the  accuracy  of  the  coefficients  mounting  (20 
percent  deviation  is  quite  admissible),  except  R2=f, 
which  is  satisfied  in  any  case  due  to  normalization. 

CONCLUSION 

Previous  papers  dealt  with  the  GC  selectivity 
curve  optimization  for  getting  maximum  conversion 
coefficient  at  using  only  the  second  harmonic  of  the 
modulation  frequency.  This  was  done  by  choosing 
the  proper  modulation  amplitude  and  frequency 
according  to  the  resonance  line  of  the  FR  in  the  GC. 
But  the  SC  has  inhomogenities  in  the  form  of  the 
side  lobes  in  this  case,  and  this  leads  to  the 


214 


ambiguity  of  the  signal  determination.  Changing  the 
parameters  of  modulation,  one  can  form  the  SC  with 
small  side  lobes  at  the  2-nd  harmonic,  but  this 
regime  reduces  the  conversion  coefficient  and 
broadens  the  SC  width. 

The  presented  method  of  formation  the 
necessary  selectivity  curve  of  the  gyromagnetic 
converter  used  in  microwave  panorama  frequency- 
selective  measurers  of  power  parameters  is  based 
on  the  summation  of  weighted  harmonics  of  the  GC 
ferrite  resonator  longitudinal  magnetization 
component.  The  FR  resonance  frequency  is 
modulated  by  the  signal  of  intermediate  radio 
frequency.  The  narrow  SC  without  side  lobes  for  the 
uniqueness  of  the  signals  determination  and 
resolution  in  multi-frequency  regime  in  the 
waveguide  path  can  be  formed,  as  well  as  wide  SC 
with  flat  top  for  accurate  measuring  of  the  intensities 
of  high-power  radiation  in  order  to  reduce  the 
influence  of  destabilizing  factors  on  the  FMR. 

The  presented  method  leads  not  only  to  the 
possibility  of  the  SC  shape  control,  but  even  to 
increasing  the  GC  conversion  coefficient. 
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A  coaxial  chamber  for  calibration  of  magnetic 
field  strength  meters  in  a  conducting  medium  is  con¬ 
sidered.  Its  central  conductor  is  built  of  two  spiral 
wires  with  opposite  winding  directions ,  while  the  meter 
is  installed  inside  a  tank  with  a  conducting  liquid 
placed  within  the  space  contained  by  the  spiral. 

The  wave  propagation  constant  in  the  chamber  and 
the  wave  impedance  of  an  equivalent  long  line  are 
determined.  The  capacitance  between  the  spiral  con¬ 
ductors  placed  on  the  dielectric  cylinder  (a  tank  with  a 
conducting  liquid)  with  the  permittivity  different  than 
that  of  the  air  is  calculated. 

1.  INTRODUCTION 

As  shown  in  [1],  the  results  of  the  electromagnetic 
field  measurements  in  conducting  media  are  dependent 
on  the  medium  conductivity,  that  is,  a  preliminary 
calibration  of  meters  is  necessary.  An  efficient  way  to 
calibrate  meters  is  to  place  them  in  coaxial  chambers 
12]. 

The  chamber  (Fig.  la)  is  a  segment  1  of  a  coaxial 
line  of  an  increased  size  where  a  transverse  electro¬ 
magnetic  wave  is  established.  The  conic  junctions  2  at 
the  line  ends  provide  for  the  output  to  standard  coaxial 
connectors,  one  of  which  (input  3)  is  connected  to  the 
oscillator  4  and  the  other  (output  5)  -  to  the  matching 

Q® 


Fig.  1 .  Coaxial  chambers  for  meter  calibration 

(a)  for  the  electric  field  in  the  air; 

(b)  for  the  magnetic  field  in  a  conducting  liquid 


load  6.  The  coaxial  line  and  the  conic  junctions  are 
built  so  that  the  wave  impedance  would  be  unchanged. 

The  meter  7  under  calibration  is  placed  inside  the 
chamber.  The  signal  from  the  meter  is  fed  through  the 
preamplifier  8  and  the  communication  link  9  to  the 
recording  device  10. 

Of  the  most  complex  design  is  the  coaxial  chamber 
for  calibration  of  magnetic  field  strength  meters  in  a 
conducting  medium  (Fig.  lb).  Its  central  conductor  is  a 
cylindrical  spiral,  while  the  meter  is  installed  inside  a 
tank  11  with  a  conducting  liquid  placed  within  the 
space  contained  by  the  spiral.  In  order  to  remove  the 
spurious  radial  component  of  the  magnetic  field,  which 
corrupts  the  measurement  results,  the  central  conductor 
of  the  chamber  should  be  built  of  two  spiral  wires  12 
and  13  with  opposite  winding  directions,  one  of  them 
being  connected  to  the  oscillator  via  a  phase  inverter  14 
changing  the  phase  of  the  current  by  re. 

The  traveling  wave  in  a  line  which  is  equivalent  to 
a  coaxial  chamber  takes  place  only  if  the  line  is  homo¬ 
geneous  and  the  matching  load  at  its  end  is  equal  to  the 
wave  impedance  of  the  line.  The  introduction  of  a  tank 
with  a  conducting  liquid  into  the  chamber  causes  the 
wave  impedance  of  the  line  to  be  frequency  dependent. 
A  similar  effect  is  produced  by  the  self-capacitance  of 
the  spiral  wire.  This  makes  it  necessary  to  adjust  the 
matching  load  of  the  coaxial  chamber  with  changing 
frequency,  and,  theretofore,  to  calculate  the  fields  in¬ 
side  the  chamber  and  the  chamber  parameters. 

2.  A  CHAMBER  WITH  TWO  SPIRAL  WIRES 

The  equivalent  circuit  of  a  chamber  with  two  spiral 
wires  excited  in  anti-phase  is  given  in  Fig.  2.  It  is  an 
unsymmetrical  line  of  two  wires  situated  above  the 
ground  (external  sheath).  However,  as  distinct  from 
electrically  connected  lines  (their  theory  has  been  re¬ 
solved  by  A.  A.  Pistolkors  [3]),  in  this  case,  additional 
per-unit-length  impedance  jQ  =  2]Z2/f27ia1(Z,  +  Z2)], 
which  is  due  to  the  surface  impedance,  is  connected  in 
each  wire.  Here  Z\  is  the  surface  impedance  of  a  spiral 
wire,  Z2  is  that  of  the  conducting  liquid,  a}  is  the  spiral 
radius. 

Impedance  Z\  is  introduced  as  follows.  The  outside 
surface  of  the  spiral  is  mentally  metallized  and  turned 
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Fig.  2.  Equivalent  circuit  of  a  chamber  with  two  spiral 
wires 

into  a  cylindrical  wire  of  radius  ax.  To  account  for  the 
effect  of  the  wave  deceleration  along  it,  a  per-unit- 
length  impedance,  assumed  to  be  purely  reactive 
(without  regard  to  losses  in  the  spiral  wire),  is  con¬ 
nected  in  the  resulting  wire.  At  lower  frequencies  the 
impedance  is  inductive  in  its  behavior:  the  surface 
impedance  of  a  spiral  wire  is  Z\  =jlv.a^LI  where  co  is 
the  circular  frequency,  Li  =  nyu3w2a]2Kc/L2  is  the  per- 
unit-length  inductance  of  the  spiral,  po  is  the  magnetic 
permeability  of  free  space,  w  is  the  number  of  turns,  L 
is  the  length  of  the  winding,  Ka  is  a  factor  which  equals 
one  for  a\«L  and  decreases  smoothly  with  growing 
a\H  [4]. 

As  frequency  increases,  the  self-capacitance  of  the 
spiral  starts  to  have  an  effect,  i.  e.  the  spiral  behaves  as 
a  parallel  circuit  with  resonant  circular  frequency  co0: 

Z]  - J2naiaLi/[l  -  (co/co0)2]. 

If  a  tank  with  a  conducting  liquid  is  placed  within 
the  space  contained  by  the  spiral,  this  is  tantamount  to 
the  connection  of  an  additional  surface  impedance  Z2  in 
the  wire,  the  former  is  parallel  to  impedance  Z\  and 
equals  Z2  =  &i/o(&]ai)/[CTi./i(£1ai)]  where  k\  is  the  wave 
propagation  constant  in  the  conducting  liquid,  cq  is  the 
specific  conductivity  of  the  liquid.  The  tank  radius  is 
assumed  to  be  the  same  as  the  spiral  radius. 

As  shown  in  [5],  the  system  of  two  wires,  having 
different  surface  impedances  and  located  above  ground, 
exhibits  two  different  propagation  constants.  In  the 
particular  case  of  identical  wires  with  the  same  surface 
impedance,  regardless  of  boundary  conditions  (at  the 
ends  of  the  line),  the  components  of  currents  and  volt¬ 
ages  with  propagation  constant  kc  are  the  same  in  both 
wires  (cophasal  wave),  while  the  components  with 
propagation  constant  ka  are  the  same  in  magnitude  and 
opposite  in  sign  (anti-phase  wave).  Here 

kc=  [*22+ffi0(Pu+M]1/2,£fl=  [*22+rae(f3n-pi2)],/2, 

where  k2  is  the  wave  propagation  constant  in  the  me¬ 
dium  between  the  spiral  wires  and  the  external  sheath, 
and  Pn  and  Pn  are  the  factors  of  electrostatic  induc¬ 
tion,  the  self-induction  one  (for  each  of  the  wires)  and 
the  mutual  one  (between  the  wires),  respectively. 

In  the  circuit  in  Fig.  2,  two  spiral  conductors  are 
excited  by  two  voltages  which  are  the  same  in  magni¬ 
tude  and  opposite  in  sign,  i.  e.  there  is  only  the  anti¬ 
phase  wave,  and  impedance  ZAB  at  points  AB  is  the 


input  impedance  of  a  two-wire  line  with  the  propaga¬ 
tion  constant  ka  and  wave  impedance 

Wa  =  2VMPU-M). 

By  converting  from  the  electrostatic  induction  fac¬ 
tors  to  partial  capacitances  Cik,  we  get: 

ka  =  [A:22+ra0(C„+2C12)]1/2,  Wa  =  V[to(C12+C„/2)]. 

Here,  quantity  C]2  is  the  mutual  per-unit-length  ca¬ 
pacitance  between  the  wires  and  Cu  is  that  between 
each  wire  and  the  ground  (external  sheath).  For  the 
traveling  wave  mode  to  take  place  in  a  line  of  two 
wires,  the  load  impedance  2Z  of  the  latter  must  equal 
wave  impedance  Wa. 

As  seen  from  the  formulas  given,  to  calculate  the 
wave  impedance  and  propagation  constant  of  a  long 
line,  one  has  to  know  the  values  of  capacitances  Cu 
and  C)2.  Capacitance  Cn  is  calculated  simply  enough. 
With  a  close  winding,  it  is  the  per-unit-length  capaci¬ 
tance  between  coaxial  circular  cylinders  with  radii 
equal  to  those  of  the  shield  and  of  the  winding.  With  a 
sparse  winding,  it  is  the  per-unit-length  capacitance  of 
an  equivalent  straight  wire  to  a  plane  at  a  distance, 
equal  to  the  difference  of  the  shield  and  spiral  radii, 
from  it. 

The  problem  of  calculation  of  capacitance  C12 
breaks  down  in  two.  The  first  one  is  to  calculate  the 
capacitance  between  the  wires  located  in  a  homogene¬ 
ous  medium  (the  air).  This  has  an  importance  of  its 
own,  since  its  solution  is  needed  to  calibrate  magnetic 
field  strength  meters  in  the  air,  and  to  establish  relevant 
basic  standards  (coaxial  chambers). 

The  second  problem  is  to  take  account  of  the  me¬ 
dium  inhomogeneity,  since  inside  the  spirals  there  is,  in 
actual  fact,  a  dielectric  cylinder  (the  tank  with  a  con¬ 
ducting  medium)  with  the  permittivity  different  than 
that  of  the  air.  In  addition,  the  problem  becomes  more 
involved  if  the  wires  are  raised  above  the  media  inter¬ 
face,  the  surface  of  the  dielectric  cylinder. 

3.  CAPACITANCE  BETWEEN  THE  WIRES 
OF  A  DOUBLE-START  SPIRAL 

The  first  problem  is  solved  by  the  method  of  aver¬ 
age  potentials  (to  be  more  precise,  Howe’s  method  [6, 
7]).  The  linear  charge  density  t  of  the  spiral  wire  is 
assumed  to  be  the  same  along  its  length:  x  =  q/l,  where 
q  is  the  total  charge  of  each  wire,  /  is  its  length.  The 
wire  diameter  la  is  small  as  compared  to  the  transver¬ 
sal  and  longitudinal  dimensions  of  the  spiral.  As  the 
system  consists  of  two  identical  wires,  their  charges 
adding  up  to  zero,  the  capacitance  between  the  wires 
coincides  with  the  partial  capacitance 

Ci  —  l/[2(oci i  -  oci2)].  (1) 

Here  au  and  a12  are  the  self-potential  and  mutual  po¬ 
tential  coefficients  of  wires,  respectively. 
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Fig.  3.  (a)  Double-start  cylindrical  spiral  with  opposed 
windings  and  (b)  developed  view  of  its  one  turn 


We  shall  use  a  cylindrical  coordinate  system 
(p,  cp.  2)  with  2  axis  along  the  spiral  axis  and  point  O  in 
the  plane  passing  through  the  starting  points  of  wires 
(Fig.  3a).  We  let  x  denote  the  coordinate  measured 
along  the  wire.  Then,  in  an  arbitrary  point  of  tire  spiral 
wire,  we  have  x  =  (z2  +  p02cp2)1/2  where  p0  is  the 
radius  of  the  cylindrical  surface,  around  which  the 
spiral  is  wound,  and  cp  is  the  total  rotation  angle  from 
the  starting  point  of  a  wire  to  the  point  with  coordinate 
2. 

Fig.  3b  shows  the  developed  view  of  the  first  turn  of 
a  spiral  wire.  As  seen  from  the  figure,  z/x  =  s/b, 
p o<p/*  =  2npo/b,  where  s  is  the  spiral  lead  and 
b  -  [.r  +  (27iPo)2]1'2.  Hence. 

x  -  zb/s .  <p  =  2nx lb.  (2) 

If  L  is  the  spiral  length,  the  length  of  each  spiral 
wire  is  /  =  Lb/s, 

The  potential  at  point  A/  with  coordinates 
(po.  cp'.  z'),  created  by  charge  t  dx  of  wire  element  dx.  is 


round  the  periphery  of  the  section  by  7t  relative  to  each 
other.  Therefore,  if  Eqs.  (2)  are  valid  for  one  wire,  we 
have  for  another  one  (at  observation  point  M)\ 
x'  =  z'b/s,  cp'  =  7i  -  Inx'lb.  Accordingly,  for  distance  Ii2 
from  point  M  to  element  dx  we  get,  instead  of  Eq.  (3): 

R2  =  (.s76){(.v-.r')2+[(2p0/)/5)  coS7c(x+jr')/b]:+(cji/5)2}i  ::. 

Calculating  the  total  potential  of  entire  charge  q  of 
the  next  wire  at  point  M  and  taking  its  average  over  the 
wire  at  hand,  we  find: 


CX.n  — 


4tis0/ 


-\dx'\- 
J  J  R, 


(5) 


Integrals  (4)  and  (5)  are  not  expressible  in  terms  of 
elementary  functions,  since  the  radicands  in  their  inte¬ 
grands  involve,  along  with  (x-x)2,  the  squares  of 
trigonometric  functions  with  arguments  also  dependent 
on  x  and  x'.  Therefore,  they  can  be  found  only  numeri¬ 
cally. 

Here  the  double  integral  (4)  can  be  reduced  to  a  sin¬ 
gle  one.  Denote 

A  =  1/(47C£o LI), 

AO  =  {r+[(2p0b/s)  smnt/b]2+(ab/s)2}U2. 

I  I 

Then  we  have  a, ,  =  Aj  c/r' J  f(x  -  x'  )dx  . 

o  o 

As  the  function  AO  has  even  symmetry  in  argument  t 
and  the  domain  of  integration  is  a  square  of  side  I.  so 


dUM  -  t  dx/{-\nr.,lR\  ) 

where  e0  is  the  dielectric  permittivity  of  free  space  and 
R\  is  the  distance  from  point  M  to  element  dx  with 
coordinates  (p0,  cp.  z).  To  simplify,  potential  is  assumed 
to  be  determined  by  a  filamentary  charge  situated  on 
the  wire  axis,  that  is, 

R\  =  {fir  -  z1)2  +  [2p0  sin(cp  -  cp')/2]2  +  a2}'12 

=  (x/6){(x-x02+[(2po/>A)  s\nn{x-xr)/2 ] 2+(ab/s)2 } 1  /2  (3 ) 

The  total  potential  of  entire  charge  q  at  point  M  is 


0\AX>) 


<7 

47te0/  J  A,  ‘ 


Taking  its  average  over  the  wire  length. 


U 


li 


we  find  self-potential  coefficient  an: 


Calculating  ai2,  one  should  take  into  account  that 
the  spiral  wires  are  wound  in  opposite  directions.  Be¬ 
sides.  their  ends  in  the  starting  cross-section  are  shifted 


/  jc- 

au  =  2 .4 1  dx'jf(t)dl . 
o  o 

By  changing  the  order  of  integration,  we  find: 

/  i  i 

a, ,  =  2Aj  f{t)dt\  dx'  =2 A\  (/  -  t)f(t)dt .  (6) 

0  /  0 

If  the  wire  radius  is  small,  then,  when  f-»0  (x->xt), 
the  integrand  in  expression  (4)  grows  sharply,  making 
numerical  integration  difficult.  The  reduction  of  the 
double  integral  to  a  single  one  simplifies  the  calcula¬ 
tions  considerably. 

As  an  alternative  to  the  numerical  technique,  an  ap¬ 
proximate  technique  can  be  suggested,  which  is  based 
on  the  capacitance  between  wires  being  due  to  their 
multiple  crossing  each  other,  i.  e.  being  equal  to  the 
sum  of  capacitances  of  intersection  nodes.  We  represent 
an  intersection  node  as  two  wire  segments  at  angle  y  to 
one  another  and  of  length  l0  =  l/2w  where  w  is  the 
number  of  spiral  turns.  To  simplify,  the  segments  are 
assumed  to  be  straight  lines.  Then 

Ci  -  2wCioM  (7) 

where  C;o(n)  is  the  capacitance  between  two  intersecting 
wires  of  the  n-th  node. 

Similar  to  Eq.  (1), 
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C»w=l/t2(a„(")-alJ("))]  (8) 

where  alI('',  and  a12(n)  are  the  self-potential  and  mutual 
potential  coefficients  of  the  n-th  node  wires,  respec¬ 
tively. 

If  radii  a  of  the  wires  are  small  as  compared  to  their 
lengths  /0,  then 

a>i‘",=  — ~  [ln(2/ofcr)  -  1].  (9) 

27re0/0 

The  value  of  a,  2W  is  found  by  calculating  the  po¬ 
tentials  at  points  of  the  left  and  right  segments  of  one  of 
the  wires  and  taking  the  average  of  the  potentials  over 
the  entire  wire  length: 

a,2('')  =  — - —  [arcsinh(tan  y/2)  +  arcsinh(cot  y/2)](10) 
2m0l0 

From  Eqs.  (7)-(10),  it  follows  that 
Ci  =  7ie0/[ln(//aw)-l-arcsinh(tanY/2)-arcsinh(coty/2)]',(ll) 

Here,  as  is  easily  seen,  w  =  l/s,  tan  y/2  =  2np(Js. 

Fig.  4  shows  the  results  of  computation  and  meas¬ 
urement  of  the  capacitance  between  the  wires  of  spiral 
with  parameters  (in  m):  L  =  0.32;  2a=1.5-10‘3; 
Po  =  0.045  -  for  different  numbers  of  turns  w.  Curve  1 
is  obtained  by  the  numeric  technique  in  accordance 
with  Eqs.  (1),  (5)  and  (6);  curve  2  -  by  the  approximate 
technique  in  accordance  with  Eq.  (11).  The  measured 
values  are  given  by  circles.  As  seen  from  the  figure, 
both  computational  techniques  yield  close  results  (a 
difference  from  2  to  4  %)  in  good  agreement  with  the 
experiment,  which  is  an  evidence  of  applicability  of  the 
approximate  technique  to  calculation  of  the  capacitance 
between  the  wires  of  a  spiral. 

The  technique  accuracy  decreases  with  growing 
wire  diameter. 


Fig.  4.  Spiral  capacitance  against  the  number  of  turns 


4.  THE  EFFECT  OF  MEDIUM  INHOMOGENEITY 

Underlying  the  solution  of  the  second  problem  in 
the  calculation  of  capacitance  C12  is  the  fact  that  the 
electrostatic  field  of  a  system  of  arbitrarily  shaped  wires 
located  in  a  piecewise  homogeneous  medium  coincides 
with  the  one  in  a  homogeneous  medium,  provided  the 
invariance  condition  holds,  i.  e.  the  media  interfaces 
coincide  with  the  surfaces  of  equal  field  strength  in  the 
homogeneous  medium  and  with  the  wire  surfaces  [8, 
9],  Accordingly,  for  the  capacitance  between  two  wires 
in  a  piecewise  homogeneous  medium,  we  get 


6 

Q  =  5]  Qo  where  n  is  the  medium  number;  N  is  the 

n^l  e0 

count  of  media;  e„  is  the  dielectric  permittivity  of  the 
n-th  medium;  C„ 0  is  the  capacitance  between  the  wire 
segments  adjoining  the  n-th  medium,  if  the  wires  are 
located  in  a  homogeneous  medium  with  dielectric  per¬ 
mittivity  Eq. 

This  means  that,  when  calculating  the  capacitance 
between  two  wires,  dielectric  permittivity  e0  of  a  homo¬ 
geneous  medium  is  to  be  replaced  with  equivalent  per- 

I  N 

mittivity  eeq  which  is  equal  to  e  =  — ^e„Acp„  where 

271  „=1 

Acp„  is  the  length  of  the  arc  of  wire  circumference  ad¬ 
joining  the  n-th  medium.  For  a  line  of  two  wires  along 
the  generatrices  of  a  circular  dielectric  cylinder,  the 
invariance  condition  holds,  the  angular  width  of  both 
media  adjoining  each  wire  is  equal  to  7t,  i.  e.  the  ca¬ 
pacitance  in  a  piecewise  homogeneous  medium  equals 
a  half-sum  of  values  of  capacitances  between  the  same 
wires  in  homogeneous  media.  Since  this  is  valid  for  any 
length  of  an  arc  between  generatrices,  this  is  also  valid 
for  spiral  wires,  i.  e.  the  quantity  seq  =  (e,  +  e2)/2  is  to 
be  substituted  for  e  in  the  expressions  for  an  and  a12,  e, 
and  e2  being  the  dielectric  permittivities  of  the  ambient 
space  and  the  dielectric  cylinder  (the  tank  with  a  con¬ 
ducting  medium),  respectively. 

If  the  wires  are  raised  above  the  media  interface, 
this  result  needs  to  be  refined.  Making  use  of  the 
known  expression  for  the  capacitance  per  unit  length  of 
a  line  of  two  wires  located  in  a  dielectric  near  the  cy¬ 
lindrical  interface  of  two  media  [6],  and  assuming  the 
distance  h  between  each  wire  axis  and  the  interface  to 
be  small  (on  the  order  of  radius  a  of  a  wire),  we  get 

eoq(R)  =  ei[l  +  k  ln(i?/2/7)/Arccosh(A/a)]"' . 

Here  k  =  (ei  -  e2)/(ei  +  e2);  ei  is  the  dielectric  permit¬ 
tivity  of  the  medium  the  wires  are  located  in,  e2  is  the 
permittivity  of  the  dielectric  cylinder,  and  R  is  the  dis¬ 
tance  between  the  wire  segments.  Then,  for  the  self¬ 
potential  coefficient  we  get,  instead  of  Eq.  (4), 


a 


n 


dx 


or,  having  reduced  the  double  integral  to  a  single  one, 

1  f  (/- 0 

a..  = -  - - - - - dt  (12) 

AnLl{Etq(SRJb)Ru 

where  Ru  -  {t 2  +  [(2p  0b/s)  sin  nt/b]2  +  ( ab/sf}] a. 

The  lower  integration  limit  in  above  expressions  is 
taken  to  be  a,  which  allows  to  get  rid  of  the  physically 
nonsensical  singularity  due  to  the  second  term  of  the 
integrand. 

Accordingly,  for  the  mutual  potential  coefficient  we 
get,  instead  of  Eq.  (5), 
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Fig.  5.  Capacitance  of  a  spiral  wound  around  a  dielec¬ 
tric  cylinder 


1  1  1 


dx 


(13) 


The  value  of  C,  is  found,  as  usual,  from  Eq.  (1). 

Fig.  5  shows  the  results  of  computation  of  capaci¬ 
tance  Ci  between  the  wires  spiral  with  parameters  (in 
m):  1  =  0.3;  2a=1.810'3;  p  =  0.03  -  for  different 
numbers  of  turns  w.  Solid  curves  are  obtained  in  accor¬ 
dance  with  Eqs.  (1),  (12)  and  (13).  Curve  1  is  plotted 
for  a  spiral  located  in  free  space,  curve  2  -  for  a  spiral 
wound  around  a  cylinder  with  relative  dielectric  per¬ 
mittivity  £r;  =  2.8  (wire  axes  coincide  with  the  media 
interface)  and  curves  3  and  4  -  for  wires  raised  above 
the  interface  at  height  h  =  0.75-10'3  and  2.25- 10'3,  re¬ 
spectively. 

Described  above  was  the  approximate  technique  of 
calculation  of  the  capacitance  between  coaxial  cylindri¬ 
cal  spirals  located  in  the  air.  which  is  based  on  the 
capacitance  being  equal  to  the  sum  of  capacitances  of 
intersection  nodes.  To  get  an  approximate  estimate  of 
the  capacitance  between  spirals  raised  above  the  cylin¬ 
drical  interface,  the  said  capacitance  should  be  in¬ 
creased  et/(  1  +  Bk)  times  where 

B  =  1  -  ln(4/7/n)/ln(4po/n). 

The  results  of  such  estimation  are  given  in  Fig.  5  by 
dash  lines. 

The  frequency  dependencies  of  the  propagation  con¬ 
stant  and  wave  impedance  of  the  chamber  for  calibra¬ 
tion  of  the  magnetic  field  meters  in  conducting  liquid 
are  given  in  [  1], 


5.  CONCLUSION 

A  coaxial  chamber  can  be  efficiently  used  for  the 
calibration  of  field  strength  meters  in  conducting  me¬ 
dia.  The  proposed  technique  allows  to  calculate  the 


parameters  of  such  chambers. 
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The  paper  is  devoted  to  manufacturing  of  high 
sensitive  sensors  for  investigation  of  magnetic  fields  in 
space  and  for  control  of  electromagnetic  compatibility 
in  the  modules  of  space  stations.  The  basic  requirements 
to  such  sensors  are  formulated  and  the  ways  of  their 
realization  are  examined.  Technical  parameters  of  the 
elaborated  series  of  “Kaskad"  and  "Ekran"  inductive 
sensors  are  considered.  Some  results  of  magnetic  field 
measurments  are  presented. 

1.  INTRODUCTION 

When  carrying  out  modem  electronic  devices  it  is 
necessary  to  guarantee  low  level  of  created  by  these 
devices  interference  to  satisfy  the  requirements  of 
electromagnetic  compatibility  with  other  apparatuses. 
This  question  is  especially  actual  when  these 
interference  can  improve  on  human  organism  either 
directly  or  as  the  result  of  functioning  disturbances  of 
electronic  apparatuses  and  personal  computers  under 
influence  of  other  devices  radiation.  During  the  manned 
flights  on  the  space  stations  it  is  necessary  to  carry  out 
the  regular  biophysical  and  hygienic  estimations  of 
spectral  composition  levels  and  to  measure  temporal 
characteristics  and  spatial  distribution  of  low-frequency 
interference  magnetic  field  in  the  inhabited  modules  of 
the  station.  Besides,  diagnostics  of  electromagnetic 
field  created  by  orbital  complex  on-board  systems  must 
be  carried  out  for  the  crew  and  Earth  services  to  obtain 
some  additional  information  about  these  systems  state 
and  functioning.  Such  investigations  permit  to  make 
operatively  structural  alterations  in  devices  when 
interference  exceeds  permissible  level.  Successful 
realization  of  these  investigations  is  possible  only  in  the 
case  when  magnetic  field  sensors  (MFS)  with 
sufficiently  low  threshold  are  used  for  level  measuring 
and  spatial  distribution  definition  of  magnetic  fields. 
This  paper  is  devoted  to  designing  of  such  sensors, 
which  can  also  used  for  measuring  outer  natural  fields 
when  carrying  out  scientific  experiments  on  the  boards 
of  rockets,  satellites  and  orbital  stations. 


2.  BASIC  REQUIREMENTS  TO  MAGNETIC  FIELD 
SENSORS 


MFS  is  a  principal  part  of  the  whole  data-measuring 
system  for  magnetic  fields  investigation.  This  device  is 
also  responsible  for  its  quality. 

The  basic  requirements  to  the  MFS  for  such 
investigations  are  as  follows:  linear  and  high-accuracy 
conversion  of  the  measured  magnetic  field,  high 
sensitivity,  wide-band  performance,  maximum 
information  content,  adequate  speed  of  response,  high 
temperature  and  time  stability,  quick  availability  for 
service,  wide  dynamic  range,  simplicity  of  service  and 
exploitation,  high  spatial  resolution,  short  recovery 
period  after  high  pulse  overloads,  high  reliability  in 
severe  mechanical  and  environmental  conditions,  low 
mass  and  small  dimensions,  low  energy  consumption. 
Additional  requirements  to  amplitude-frequency  (AFC) 
and  phase-frequency  (PFC)  characteristics  are 
formulated  if  minimal  distortions  of  interference  are 
needed. 

It  is  only  natural,  that  all  above  requirements  are  not 
to  be  satisfied  in  every  designed  sensor.  By  contrast  the 
task  is  to  rationally  use  relevant  characteristics  at  the 
expense  of  some  others.  Practical  implementation  of 
these  requirements  is  an  important  stage  in  the  MFS 
development  and  design.  It  should  be  noted,  that  the 
idea  that  implementation  of  some  requirements  to  the 
MFS  is  not  very  important  since  it  can  be  changed  for 
optimization  of  secondary  converters  following  the  MFS 
(i.e,  amplifiers,  filters  and  processing  devices)  is 
basically  incorrect. 

It  is  necessary  to  consider  more  carefully  the  above 
mentioned  requirements.  We  preferred  inductive  sensors 
(IS)  of  magnetic  fields  in  our  investigations  and 
manufacturing.  It  is  caused  by  low  level  of  most  of 
electronic  devices  “parasite”  radiation.  Their  fields  are 
low-impedance  magnetic  in  the  nearness  of  majority  of 
investigated  devices,  i.e.  such  field  energy  is 
concentrated  mainly  in  magnetic  components.  That  is 

why  the  investigations  of  such  apparatuses  are 
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necessary  to  carry  out  with  IS,  which  have  some 
advantages  as  it  was  mentioned  above. 

It  is  preferably  to  use  IS  for  measuring  the  magnetic 
fields  for  mentioned  above  purposes  in  frequency 

band  1  Hz+30  MHz.  Out  of  this  band  the  sensors 

based  on  other  physical  principles  must  be  used,  for 
example  short  electrical  sensors.  IS  are  elaborated  in 
most  cases  as  winding  on  the  permalloy  or  high 
permeability  ferrite  core  for  low  frequency  and  low 
permeability  ferrite  for  high  frequency.  Sometimes  the 
IS  as  air  frames  are  used. 

It  is  necessary  to  have  constant  (“flat”)  AFC  and 
linear  PFC  of  IS  in  needed  band  for  signals 
transformation  without  distortion.  In  particularly  phase 
shifts,  which  are  approximately  equal  to  zero,  are  often 
used.  The  requirements  to  PFC  are  often  very  hard  to 
realize.  But  during  definition  of  interference  level  the 
peak,  quasi-peak  and  root-mean-square  magnitudes  are 
measured.  The  PFC  form  have  not  sufficient  importance 
in  such  cases.  Sometimes,  especially  in  lower  part  of  the 
band,  it  is  necessary  to  use  linear  AFC.  Non-ideal 
frequency  characteristics  can  be  corrected  with  the  help 
of  additional  devices. 

We  shall  now  consider  the  basic  requirements  to 
sensors  for  electromagnetic  compatibility  control  in 
frequency  band  1  Hz-4-150  kHz. 

We  can  make  on  the  base  of  analyzed  literature  the 
conclusion  that  magnetic  field  threshold  must  be  equal 
(with  some  reserve)  to  1  nT-Hz'0,5  (~10'3  A-m'1)  in 
band  1+10  Hz,  lO'+lO'2  nT-Hz'0’5  (~Hr*+l 0'5A-m'') 
in  band  1CH103  Hz  and  10'2+10'3  nT-Hz'0’5  (~10'5+ 
10'6A-m"’)  in  band  103  + 1,5  -10 5  Hz  .  Lower  magnitudes 
of  IS  discrimination  threshold  are  not  of  great  interest 
on  the  electromagnetic  compatibility  point  of  view. 
Dynamic  range,  which  is  needed  for  magnetic 
interference  levels  measuring,  is  equal  approximately  to 
100+120  dB.  This  range  is  in  practice  defined  by 
dynamic  range  of  pre-amplifier  (PA)  because  sensor 
range  is  not  limited.  But  it  should  be  mentioned  that  the 
phenomenon  of  sufficient  delay  of  transient  processes 
can  arise  when  very  strong  magnetic  field  impulse 
influence  on  sensors  with  ferromagnetic  core. 

Study  of  spatial  distribution  of  magnetic  field 
interference  is  possible  if  IS  dimension  are 
comparatively  small.  To  our  mind  length  of  IS  with 
ferromagnetic  cores  should  not  exceed  200+400  mm  and 
their  diameters  should  not  exceed  10+40  mm.  Mass 
within  300+800  g  and  energy  consumption  less  than 
0,25  W  are  desirable  (for  one  component  sensor). 

The  definite  directional  diagram  is  needed  to  carry 
out  component  measuring,  for  example  in  the  form  of 
figure  8.  Such  diagram  is  easily  realized  for  IS. 

It  is  necessary  also  to  take  into  consideration  the 
problem  of  high  stability  of  sensitivity,  especially  in  the 
case  of  temperature  changes. 


3.  SOME  CALCULATION  EXPRESSIONS  FOR 

DETERMINATION  OF  INDUCTIVE  SENSORS 
PARAMETERS 

The  choice  of  IS  constructive  parameters  is 
determined  first  of  all  by  necessity  of  maximum 
frequency  band  and  low  discrimination  threshold  .  These 
requirements  are  often  contradictory  and  must  be 
considered  more  carefully. 

Flat  AFC  can  be  realized  by  application  of  shunt.  In 
this  case  IS  hasn’t  PA  and  is  named  passive  IS.  Also  the 
voltage  or  field  negative  feedback  (NF)  is  often  used  to 
enlarge  the  flatness  band  of  AFC.  Field  feedback  have 
advantages  as  for  discrimination  threshold  and 
possibility  of  enlarging  flatness  band  at  the  low 
frequencies.  This  variant  of  IS  is  used  with  PA  and  is 
named  active  IS 

Let’s  consider  IS  with  field  NF.  In  presented  below 
formulae  co  -  field  frequency,  /u  -  core  magnetic 
permeability,  w  -  turn  number,  S  -  core  section  area, 
L,C,r  -  inductance,  conductivity,  pure  resistance  of  IS, 
Ra,Ca  -  input  impedance  of  PA,  Ku  -  coefficient  of 
amplification,  ec  -  electromotive  force  of  IS, 
wbj ,  Lby ,  Rbf  -  turn  number,  inductance,  pure  resistance 
of  feedback  network,  en  ,e„,i„,env  -  noise  sources.  All 

these  parameters  are  the  complicated  functions  of  IS 
constructive  parameters  (core  dimensions,  turn  number 
wire  diameter  and  others).  If  correlation  between  noise 
sources  are  disregarded  and  coLbf  «  Rbf  the  following 

expressions  for  sensitivity  G  and  discrimination 
threshold  Bm  can  be  obtained  [1,3]: 
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IS  parameters  are  chosen  to  minimize  both  Bm  and 
deflection  of  G(co)  from  it  maximum 
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Some  compromises  have  to  be  done  if  requirements  to 
AFC  and  Bm  can  not  be  realized  with  limited  mass  and 
dimensions.  For  example,  linear  AFC  is  used  sometimes 
in  lower  part  of  frequency  operating  band,  where 

G  =  co/jwSK — — — .  (4) 

r  +  Ra 

4  .  EXAMPLES  OF  MAGNETIC  FIELD  SENSORS 
FOR  ON-BOARD  INVESTIGATION 

We  have  elaborated  two  series  of  IS  ("Ekran"  and 
"Kaskad")  for  space  apparatuses  and  orbital  stations. 

’’Ekran"  series  of  IS  [9]  are  active  inductive  sensors 
which  include  integrated  preamplifier.  These  IS  are 
intended  for  application  out  of  space  apparatuses. 
Theoretical  estimation  showed  that  it  is  rather  hard  to 
ensure  required  value  of  discrimination  threshold  by  one 
sensor  within  the  whole  frequency  band  (1+1 05  Hz)  and 
to  realize  at  the  same  time  the  necessary  form  of  AFC. 
That  is  why  we  had  to  use  IS  with  combined  AFC:  linear 
at  the  beginning  of  operating  range  and  then  -  flat 
(frequency  independent). 

In  "Ekran- 1"  sensor,  which  is  intended  for  work  in 
band  1+30000  Hz,  linear  part  of  AFC  is  disposed  within 
band  1+3000  Hz  and  fiat  -  within  3+30  kHz.  Linear  part 
of  AFC  has  frequency  proportional  sensitivity  G  ,  which 
equals  3,86-10 $f  V-T1  Hz'1  with  deflection  not  exceeded 
±10%.  Discrimination  threshold  of  "Ekran-1"  is 
characterized  by  curve  1  at  Fig.l.  Sensor  together  with 
PA  is  covered  with  cylindrical  shielded  body,  which 
length  /  is  370  mm,  diameter  d  is  45  mm  and  mass  m  is 
900  g. 


Fig.l 

"Ekran-2"  and  "Ekran-3"  sensors  are  intended  for 
exploitation  in  1+1 05  Hz  and  have  practically  similar 
AFC:  within  the  band  1+700  Hz  sensitivity  is 
proportional  to  frequency  and  equals  1,4- 105  V-T1  -Hz'1 , 
within  the  band  103+105  Hz  sensitivity  is  constant  and 
equals  8- 1 08  V-T1. 

"Ekran-3"  is  a  three-dimensional  sensor  (higher 
sensor  at  Fig.2).  The  three  components  of  "  Ekran-3" 
have  equal  discrimination  threshold,  which  is 


characterized  by  curve  2  at  Fig.l.  Every  component 
have  its  own  PA  and  required  AFC  is  formed  by  field 
NF.  Dimensions  of  this  sensor  are  480-370-355  mm  and 
mass  is  equal  to  800  g. 

One-component  "Ekran-2"  sensor  differs  from  each 
sensor  of  "Ekran-3"  in  less  discrimination  threshold  at 
frequencies  lower  than  104  Hz  (see  curve  3  at  Fig.l). 
Longer  core  was  used  in  order  to  realize  this  threshold. 
It  permitted  to  improve  the  signal-to-noise  ratio.  "Ekran- 
2"  has  cylindrical  shielded  body  with  d= 22  mm  1= 770 
mm  and  mass  which  equals  370  g.  Within  the  104+105 
Hz  band  the  thresholds  of  "Ekran-2"  and  "Ekran-3"  are 
practically  identically  (see  Fig.l). 

Dependencies  BJj)  for  space  sensors  "Prognoz" 
[2,7]  (20+16000  Hz,  7=300  mm,  <7=20  mm  and  w=1000 
g,  curve  4  at  Fig.l),  "Fobos"  [2,7]  (1+10000  Hz,  /=400 
mm,  <7= 20  mm  and  m=300  g,  curve  5  at  Fig.l), 
"Interbol"  [2,7]  (0,1+1000  Hz,  270-150-65  mm  and 
w=280  g,  curve  6  at  Fig.l),  "Arkad-3"  [8]  (100+20000 
Hz,  1= 250  mm,  <7=30  mm  and  w=400  g,  curve  7  at  Fig.l) 
are  shown  at  Fig.l.  to  compare  them  with  "Ekran" 
sensors.  It  is  must  be  mentioned  that  "Prognoz"  is  also 
three-dimensional  sensor. 

"Kaskad"  sensors  were  elaborated  for  carrying  out 
the  regular  biophysical  and  hygienic  estimations  of 
spectral  composition  level,  and  for  measuring  temporal 
and  spatial  distribution  of  low-frequency  interference 
magnetic  fields  in  the  inhabited  modules  of  the  orbital 
station  "Mir"  station  [2, 4, 5, 6]. 


Fig.2 

High  accuracy  is  reached  thanks  to  application  of  up- 
to-date  magnetic  materials,  low-noise  electronic 
components  and  new  methods  of  structural  and  electrical 
parameters  optimization.  "Kaskad"  sensor  have 
permalloy  pivot  core  manufactured  by  special 
technology.  It  is  intended  for  frequency  band 
\Hz  +  lOOAT/z .  It  has  the  same  characteristics  as 
"Ekran-3"  but  dimensions  and  mass  are  less. 

Another  type  of  "Kaskad"  ("Kaskad-1",  lower 
sensor  at  Fig.  1 )  has  not  PA  because  measured  on-board 
fields  isn't  to  weak.  AFC  is  flat  within  range  20  Hz  +50 
kHz  and  it  has  lower  sensitivity  G  =  1,7- 105  V/T. 
"Kaskad-1"  has  twice  as  much  threshold  as  "Ekran-3" 
(curve  8  at  Fig.l). 
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5.  MAIN  RESULTS  OF  INVESTIGATIONS 

"Ekran"  sensors  are  widely  used  for  measurements 
of  magnetic  fields  when  carrying  rocket  and  satellite 
experiments. 

Investigations  of  low-frequency  magnetic  field 
distribution  in  the  modules  of  «Mir»  orbiting  station 
have  been  carried  out  with  the  help  of  "Kaskad"  sensors 
since  1993.  These  investigations  which  aim  is  to 
discover  the  influence  of  electromagnetic  emission  of 
apparatuses  and  equipment  on  human  physiological 
condition  have  been  accomplished  for  the  first  time  in 
the  world  practice. 

Measured  spectral  and  spatial  distribution  of  fields  is 
taken  into  consideration  when  location  of 
instrumentation,  which  is  sensitive  to  magnetic  fields,  is 
chosen.  It  is  very  important  for  solving  the  problems  of 
electromagnetic  compatibility.  The  recommendations 
which  permit  to  remove  interference  have  been 
formulated. 

It  is  interest  to  reveal  zones  in  which  artificial  fields 
are  weaker  than  natural  ones.  It  can  enable  to  extend 
investigations  of  outer  space  magnetic  fields  by 
apparatuses  placed  in  hermetic  modules  of  orbiting 
station. 

On  the  base  of  carried  out  investigations  the  optimal 
places  for  rest  and  work  in  space  station  inhabited 
modules  have  been  recommended  .  It  have  permitted  to 
remove  the  discomfort  sensations  during  sleep.  The 
investigations  of  physiological  condition  of  astronauts, 
which  are  carried  out  simultaneously  with  magnetic  field 
measurements,  will  enable  to  formulate  or  to  make  more 
precise  space  flight  sanitary  standards,  which  can 
sufficiently  differ  from  Earth’s  ones. 

6.  CONCLUSIONS 

The  ways  of  elaboration  of  mobile  low-threshold 
wide-band  inductive  sensors  for  investigation  of 
magnetic  fields  when  carrying  rocket  and  satellite 
experiments,  for  biomedical  explorations  and  control  of 
electromagnetic  compatibility  on  orbiting  stations  are 
considered  in  the  paper.  The  formulae  which  permit  to 
optimize  sensors  structural  and  electrical  parameters  for 
minimizing  discrimination  threshold  and  for  maximum 
widening  of  frequency  band  are  presented.  Some  types 
of  sensors  intended  for  functioning  on  space  apparatuses 
and  stations  are  described. 

7.  REFERENCES 

1.  P.Dub,  L.Mizyuk,  V.Nichoga,  "Optimization  of 
Constructive  Parameters  of  Low-frequency  Induction 
Sensor  with  the  Aim  of  Achievement  of  the  Lowest 
Discrimination  Threshold"  (Russian),  Selecting  and 
Processing  of  Information,  Vol.3,  1989,  pp.64-68. 

2.  V.Tsybulsky,  V.Nichoga,  A.Gnatyuk,  P.Dub, 


A.Yasinovy,  "Wide-band  Component  Converters  for 
Magnetic  Field  Measurements  in  Space",  Proceedings  of 
the  IV-th  International  Seminar  on  Manufacturing  of 
Scientific  Space  Instrumentation,  Frunze,  USSR,  1989, 
VoLVm,  pp.3-14. 

3.  I.Gontar,  P.Soprunyuk,  "Optimization  of  Low-band 
Sensors  of  Magnetic  Fields",  Ibid.,  pp.  25-32. 

4.  4.A.Aleksandrov,  S.Bronnikov,  V.Shabelnikov, 
V.Nichoga,  P.Dub,  G.Trokhym,  "Investigation  of 
Spatial  Distribution  of  Magnetic  Fields  and  Their 
Integral  Level  Definition  on  "Mir"  Space  Station  Board 
During  Manned  Flight"  (Russian),  Proceedings  of  the 
Conference  on  Control  of  Technologies,  Wares  and 
Environments  by  Physical  Methods,  Russia, 
Yekaterinburg,  1996,  pp.  60-61. 

5.  V.Nichoga,  P.Dub,  G.Trokhym,  "Manufacturing  of 
Instrumentation  and  Procedure  of  Operative  Magnetic 
Monitoring"  (Ukrainian),  Proceedings  of  the  Conference 
on  Automatic  Control,  Sevastopol,  Ukraine,  9-14.  09. 

1996,  Vol.  Ill,  pp.  168- 170. 

6. V.Nichoga,  P.Dub,  "High  Sensitive  Microlocal 
Sensors  for  Investigation  and  Control  of 
Electromagnetic  Compatibility  of  Precision 
Electrotechnical  and  Electronic  Devices",  Proceedings 
of  the  I-st  International  Symposium  on  Microelectronics 
Technologies  and  Microsystems,  Rzeszow,  Poland, 

1997,  p.  37-42. 

7.  V.Nichoga,  "Measurment  of  Very  Weak  Low- 
Frequency  Magnetic  Fields  in  Geophysics  and  Space 
Investigation",  (Russian),  Selecting  and  Processing  of 
Information,  Vol.9,  1993,  pp.70-77. 

8  "Electromagnetic  Compatibility  of  "Arkad-3" 
Scientific  Space  Complex"(Russian),  Nauka,  Moscow, 
1984,  190  p. 

9.  M.Afanasenko,  B.Bondaruk,  V.Nichoga, 
"Peculiarities  of  Designing  of  Super  Wide-Band  High- 
Sensitivity  Inductive  Antennas  with  Frequency 
Independent  Amplitude  Response"  (Russian), 
Proceedings  of  Conference  on  Application  of  Super 
Wide-Band  in  Radio  Engineering  and  Geophysics, 
Krasnoiarsk,  Russia,  1991,  pp.56-57. 

BIOGRAFICAL  NOTES 

Vitalij  Nichoga  is  a  leading  scientific  researcher  and 
the  manager  of  laboratory  of  primary  measuring 
trandusers  of  Karpenko  Physico-Mechanical  Institute  of 
National  Academy  of  Sciences  of  Ukraine.  He  graduated 
Radio  Engineering  Faculty  of  State  University  "  Lvivska 
Politechnika"  in  1960,  obtained  his  Dr.  mg.  degree  in 
1966  and  Dr.  hab.  degree  in  1996. 

Petro  Dub  is  a  leading  engineer  of  the  same 
Institute.  He  graduated  Automatics  Faculty  of  State 
University  "Lvivska  Politechnika"  in  1977. 

Investigation  of  electromagnetic  fields  and 
manufacturing  of  instrumentation  for  their  measuring  are 
both  V.  Nichoga  and  P.Dub  main  scientific  interests. 


EMC  98 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


DEVELOPMENT  OF  FIELD  PROBES  PRINTED  ON  SUBSTRATES  FOR  DOSIMETRIC 
ASSESSMENTS  IN  THE  FREQUENCY  RANGE  FROM  1  MHz  TO  18  GHz 

C.  Probol  K.-H.  Gonschorek 

Dresden  University  of  Technology 
ETI/  EMV  Electromagnetic  Compatibility  Division 
01062  Dresden,  Germany 

email:  probol@gmx.de 


The  electric  and  magnetic  fields  in  the  proximity 
of  strong  sources  of  radiation  (e.g.  RADAR  and 
broadcasting)  can  exceed  the  limits  mentioned  in 
the  national  standards  for  the  exposition  of 
persons.  Several  field  probes  have  been  developed 
to  ensure  that  people  working  close  to  these 
sources  of  radiation  will  not  be  exposed  to  energy 
densities  above  the  limit.  However,  many  field 
probes  have  disadvantages  in  the  everyday  use  by 
people  that  are  not  experienced  in  measuring 
electromagnetic  fields. 

The  limits  for  power  density ,  electric  and 
magnetic  field  strength  depend  on  the  frequency.  In 
contrary,  field  probes  covering  a  large  frequency 
range  e.g.  1  MHz  to  18  GHz  or  even  larger 
normally  have  a  flat  frequency  response. 
Therefore,  the  person  using  the  field  probe  has  to 
know  the  frequency  of  the  electromagnetic  field 
and  to  evaluate  the  fieldstrength  with  respect  to  the 
frequency  dependent  legal  limit  value.  Human 
mistake  while  making  that  evaluation  can  lead  to 
expositions  above  the  legal  limit  value  and 
therefore  possibly  lead  to  an  accident.  On  the  other 
hand,  the  evaluation  of  the  power  density  in  the 
presence  of  multiple  strong  sources  of  radiation  at 
different  frequencies  with  different  limit  values 
leads  to  measurement  problems  too. 

Some  design  principles  are  described  in  this 
paper  that  allow  the  development  of  an  electric  field 
probe  covering  the  large  frequency  range  from  1 
MHz  to  18  GHz  with  a  shaped  frequency  response, 
shaped  with  respect  to  a  legal  limit  value. 


1  PRINCIPLE  OF  RECTIFYING  FIELD  PROBES 

A  rectifying  field  probe  consists  of  three  main  parts: 
antenna  and  detector,  resistance  line,  DC  volt 
meter  (see  Fig.  1). 

Antenna  +  Resistance  line  DC  volt 
detector  meter 


Fig.  1:  Principle  of  rectifying  electric  field  probe 

The  field  probe  works  on  the  following  principle 
An  electric  field  induces  a  voltage  over  a  slot  at  the 
midpoint  of  an  antenna.  For  frequencies  far  below 
the  first  resonance  a  simple  metal  dipole 
terminated  by  a  load  that  is  dominated  by  a 
capacitance  would  lead  to  a  flat  frequency 
response,  so  that  the  output  DC  voltage  of  the 
detector  is  approximately  constant  over  a  certain 
frequency  range.  The  induced  RF-voltage  is 
rectified  by  the  detector  diode  [2],  The  frequency 
response  can  be  shaped  for  low  frequencies  using 
discrete  elements.  E.g.  the  sensitivity  for  low 
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frequencies  can  be  reduced  using  a  low  pass  filter 
in  parallel  to  the  detector  diode.  Usually,  the  dipole 
antenna  is  made  of  resistive  material  to  obtain  a 
flat  frequency  response  up  to  the  first  resonance 
frequency  of  a  metal  dipole  of  the  same  size  [1], 
[3]. 

The  rectified  voltage  is  lead  via  a  high 
resistance  transmission  line  to  a  DC  volt  meter  [4]. 
The  resistance  per  unit  length  of  the  transmission 
line  and  the  capacitance  per  unit  length  have  to  be 
high  enough  to  cause  only  a  small  field  distortion 
and  a  sufficient  HF-attenuation.  The  DC-voltage 
drop  on  the  resistance  line  can  be  reduced  by 
choosing  a  large  internal  resistance  of  the  DC  volt 
meter. 

2  DESIGN  OF  A  SHAPED  FREQUENCY 
RESPONSE  CONSIDERING  THE 
INFLUENCE  OF  THE  SUBSTRATE 

Broadband  field  probes  normally  cover  a  large 
frequency  range  with  a  flat  frequency  response 
while  the  limit  value  for  the  exposition  of  human 
beings  depends  on  the  frequency.  Using  such  field 
probes  the  personnel  has  to  compare  the  limit 
value  for  each  frequency  with  the  reading  of  the 
field  probe  to  evaluate  the  fieldstrength.  The  limit 
values  of  the  German  standard  DIN  VDE  0848  for 
electric  fields,  exposition  area  1 ,  time  of  exposition 
longer  than  6  min.  and  frequencies  between 
1  MHz  and  18  GHz  are  shown  in  Fig.  2  [7], 


Fig.  3:  Ideal  and  measured  frequency  response 


The  results  described  in  this  paper  were 
computed  on  HP  9000  workstations  with  64  MB  of 
RAM  using  the  field-computation-software 
CONCEPT  [2]  that  is  based  on  the  method  of 
moments.  The  computations  were  carried  out 
using  approximately  1500  -  4000  unknowns  at 
each  frequency.  Most  of  the  unknowns  are  due  to 
the  modelling  of  the  substrate.  Taking  into  account 
the  electromagnetic  behaviour  of  the  substrate 
allows  the  use  of  low-cost  substrates  like  Alumina 
(Al203,  e.g.  96  %)  without  loosing  accuracy. 

A  CONCEPT-model  of  the  dipole  on  the 
substrate  is  shown  in  Fig.  4.  The  numerical  effort 
has  been  reduced  for  some  field  orientations  by 
considering  the  symmetry  to  the  xz-plane. 

Calculations  where  made  using  Al203-substrate 
of  the  dimensions  20  mm  x  40  mm  x  0.625  mm 
and  8  mm  x  10  mm  x  0.625  mm.  The  dielectric 
constant  was  10. 
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Fig.  2:  Limit  of  the  electric  fieldstrength  for  the 
safety  of  persons,  DIN  VDE  0848, 
exposition  period  >  6  min.,  exposition  area  1 

If  the  field  probe  provides  a  shaped  frequency 
response,  that  means  a  sensitivity  reciprocal 
proportional  to  the  limit  value,  the  electronics  of  the 
probe  can  compare  the  signal  direct  to  the  limit 
value.  In  that  case  it  is  not  longer  necessary  for  the 
person  to  compare  the  reading  with  the  limit  value. 
A  high  signal  compared  to  the  limit  value  can  be 
indicated  by  an  acoustical  and  optical  signal.  One 
possible  reason  for  accidents  -  mistake  of  a  human 


being  when  comparing  the  reading  of  the  field 
probe  with  limit  value  -  has  been  eliminated. 

The  design  of  an  antenna  providing  a  shaped 
frequency  response  (see  Fig.  3)  is  possible  using 
the  recent  advances  made  in  numerical  field 
computation. 

Some  field  probes  are  designed  neglecting  the 
influence  of  the  substrate  and  using  expensive 
techniques  to  make  the  influence  of  the  substrate 
as  small  as  possible.  On  the  other  hand  the  design 
on  low-cost  substrates  is  possible  if  the  influence 
of  the  substrate  is  carefully  taken  into  account 
using  state-of-the-art  numerical  field  computation 
programs. 
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Frequency  (MHz) 

Ideal  frequency  response 
Measured  frequency  response 


226 


Fig.  4:  CONCEPT-model  of  the  dipole  on  the 
Al203-substrate 

The  angle  between  the  x-axis  and  the  antenna 
equals  to  54.7°.  It  was  shown  in  paper  [8]  that  the 
angle  between  each  two  antennas  in  a  three- 
antenna-arrangement  equals  to  90°,  if  the 
substrates  are  arranged  in  an  angle  of  60°  to  each 
other. 

A  development  of  the  probe  without  taking  the 
influence  of  the  substrate  into  account  can  lead  to 
unacceptable  deviations  in  the  frequency  response. 
The  calculated  frequency  response  with  and 
without  substrate  is  shown  in  Fig.  5. 


100  1000 


Frequency  (MHz) 


■  •  •  ■  Ideal  frequency  response 
♦  Model  0  (without  substrate) 

-  Model  1  (1499  unknowns) 

°  Model  2  (2752  unknowns) 


Fig.  5:  Computation  results,  neglecting  (model  0) 
and  considering  (model  1  and  2)  the  influ¬ 
ence  of  the  substrate 


The  differences  between  the  shapes  of  the 
frequency  response  for  the  models  with  and 
without  substrate  can  reach  up  to  6  dB.  The 
calculations  were  made  with  two  different 
segmentations  of  the  substrate.  The  maximum 
differences  between  the  results  of  model  1  (1499 
unknowns)  and  model  2  (2752  unknowns)  was 
0,06  dB  (1.3%). 

For  wavelengths  much  greater  than  the 
dimensions  of  the  substrate  the  sensitivity  of  the 
dipole  is  increased  due  to  the  field  concentration 
within  the  dielectric  material  (Fig.  6,  arrows 
represent  the  fieldstrength  at  the  middle  of  each 
arrow). 


Fig.  6:  Distribution  of  the  electric  field,  f  =  1  MHz, 

9  =  0° 

Somehow,  the  field  distribution  is  more  complex  for 
higher  frequencies  so  that  a  precise  numerical 
calculation  is  advantageous  for  the  design  of  the 
geometrical  dimensions,  orientations  and  the 
dimensions  and  values  of  the  resistive  parts  of  the 
antenna. 


3  INCREASE  IN  DYNAMIC 

Some  legal  limit  values  for  expositions  of 
human  beings  refer  to  the  power  density  [7], 
A  detector  with  an  output  signal  that  is  proportional 
to  the  power  density  has  to  have  a  square-law 
characteristic  concerning  the  electric  field: 

Udc~S~E2.  (1) 

Udc:  output  signal  of  the  detector  diode, 

DC  voltage  over  the  diode. 
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The  AC  voltage  U,  over  a  slot  at  the  midpoint  of 
the  antenna  is  proportional  to  the  electric 
fieldstrength.  The  DC  voltage  Udc  is  given  by 
equation  (2): 


Udc  =  -mUT  •  ln| 


I 

Vn=0 


2mU-T 


2n 


The  range  of  correct  power  density 
measurement  of  a  dipole  with  detector  diode  can 
be  increased  by  several  techniques: 

1 .  measurement  of  smaller  dc  voltages, 

2.  correction  factors  for  high  amplitudes, 

3.  several  diodes  in  series. 


Ui:  antenna  voltage  of  the  dipole,  AC  voltage 

over  the  detector  diode. 

UT:  voltage  equivalent  of  thermal  energy, 

25.7  mV  at  T  =  25°C, 
m:  reality  factor,  e.g.  m  =  1, 


The  measurement  of  smaller  dc  voltages  is 
combined  with  increased  sensitivity  to  environment 
influences  like  change  of  temperature,  shock, 
humidity  and  internal  influences  like  the  bias 
current  through  the  detector. 


if  the  detector  diode  has  the  following 
characteristic: 


i(t)  =  I 


U(t) 

smUT 


-1 


i(t):  current  through  the  detector  diode, 

l0:  saturation  current  of  the  diode, 

u(t):  total  voltage  over  the  diode. 


(3) 


The  characteristic  of  the  detector  diode  is 
shown  in  Fig.  7. 


AC  voltage  (V) 


|  - Theory 

I  •  Measurement 

i _ _ _ I 


The  characteristic  of  the  detector  can  be  used 
to  employ  correction  factors.  For  some  signals 
(e.g.  pulsed  RADAR),  that  correction  leads  to 
deviations  of  the  measured  power  density  from  the 
real  power  density.  An  additional  correction  factor 
for  pulse  modulation  has  to  be  considered  in  that 
case. 

The  third  way  increasing  the  dynamic  range 
with  correct  power  density  measurement  is  to  use 
two  or  more  diodes  in  series.  Using  more  than  one 
detector  diode  in  series  can  increase  the  range  of 
correct  power  density  detection  as  shown  in  Fig.  8 
without  introducing  one  of  the  above-mentioned 
disadvantages. 


£  0  % 
o 

Q. 

<»  -10% 

|  -20% 

E 

2  -30% 

v*- 
C 

-40% 

CO 

|  -50% 

10  100  1000 
AC  voltage  (mV) 


Fig.  7:  Characteristic  of  single  diode  detector, 
m  =  1 

For  low  AC  voltages  the  detected  DC  voltage 
approximately  is  given  by: 


udc  =  — 


u? 


4mU! 


(4) 


For  higher  amplitudes  the  detector  exceeds  the 
square-law  region  and  therefore  the  range  of 
correct  power  density  measurement. 


Calculation,  1  diode  detector 
Calculation,  2  diode  detector 
Calculation,  3  diode  detector 
Measurement,  1  diode  detector 
Measurement,  2  diode  detector 
Measurement,  3  diode  detector 

Fig.  8:  Amplitude  response  of  some  diode 
detectors,  theoretical  and  measured  results 
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The  maximum  deviation  between  the  measured 
and  the  calculated  results  equals  to 
2.3  %  at  30  mV  AC  for  a  3  diode  detector.  A 
deviation  of  the  DC  voltage  of  2.3  %  corresponds 
to  a  deviation  in  the  fieldstrength  of  0.1  dB. 

Two  diodes  in  series  lead  to  3  dB,  three  diodes 
in  series  lead  to  4.8  dB  increase  in  dynamic. 

The  diodes  used  in  our  investigations,  were 
manufactured  in  beam-lead  package  and  have 
been  bonded  thermosonically.  Their  capacities, 
which  have  to  be  low  to  get  a  medium  sensitivity, 
had  a  typical  value  of  about  100  -  200  fF.  Putting 
more  than  one  diode  in  series  does  no  lead  to  a 
large  reduction  of  the  detected  voltage  and 
therefore  to  a  reduced  sensitivity  because  of  the 
reduction  of  the  overall  capacity  of  the  detector. 


4  CONCLUSION 

The  development  of  electric  field  probes  on 
substrates  with  a  defined  frequency  response  can 
be  efficiently  supported  by  using  numerical  field 
computation  considering  the  influence  of  the 
substrate.  The  paper  describes  the  results  of  such 
computations.  Furthermore,  it  is  shown  that  the 
range  of  correct  power  density  detection  can  be 
increased  by  using  more  than  one  diode  in  series 
for  the  detection. 


5  REFERENCES 


[1]  R.  Bitzer,  H.  Keller,  M.  Schaller,  "Field 
Strength  Measurement  System  up  to  18  GHz" 
(„FeldstarkemeUsystem  bis  18  GHz“),  EMV 
97,  Wehrtechnisches  Symposium,  Mannheim, 
1997,  pp.  5.1-5.8. 

[2]  K.-H.  Gonschorek/  H.  Singer,  "Elec¬ 
tromagnetic  Compatibility"  („Elektro- 
magnetische  Vertraglichkeit"),  B.  G.  Teubner, 
Stuttgart,  1992,  pp.  471. 

[3]  S.  Hopfer,  Z.  Adler,  "An  Ultra  Broad-Band 
(200  kHz  -  26  GHz)  High-Sensitivity  Probe", 
IEEE  Transactions  on  Instrumentation  and 
Measurement,  Vol.  IM-29,  No.  4,  Dec.  1980, 
pp.  445-451. 

[4]  M.  Kanda,  "An  Isotropic  Electric-Field-Probe 
with  Resistive  Dipoles  for  Broad-Band  Use, 
100  kHz  to  18  GHz",  IEEE  Transactions  on 
Microwave,  Vol.  35,  No.  2,  Feb.  1987,  pp.124- 
130. 


[5]  Meinke/  Gundlach,  "Handbook  of  High 
Frequency  Technology"  („Taschenbuch  der 
Hochfrequenztechnik"),  Springer-Verlag, 
Berlin,  Chap.  Q4,  5.  Aufl.,  1992. 

[6]  Th.  Schmid,  O.  Egger,  N.  Kuster,  "Automated 
E-Field  Scanning  System  for  Dosimetric 
Assessments",  IEEE  Transactions  on 
Microwave  Theory  and  Techniques,  Vol.  44  , 
No.  1,  Jan.  1996,  pp  105-113. 

[7]  DIN  VDE  0848,  "Safety  in  electromagnetic 
fields"  („Sicherheit  in  elektromagnetischen 
Feldern"),  German  Standard,  part  1,  2,  4, 
Beuth-Verlag,  Berlin,  1991-1995. 


[8]  M.  Kanda,  "Standard  Antenna  for 
Electromagnetic  Interference  and  Methods  to 
Calibrate  Them",  IEEE  Transactions  on 
Electromagnetic  Compatibility,  Vol.  36,  No.  4, 
Nov.  1994,  pp. 261-273. 


BIOGRAPHICAL  NOTES 

Carsten  Probol  was  born  in  Hamburg, 
Germany,  in  June  1967.  He  received  the  Diploma 
in  Electrical  Engineering  from  the  Technical 
University  of  Hamburg-Harburg  in  1994  and 
continued  his  working  on  Electromagnetic  Compa¬ 
tibility  within  the  MAZ  Hamburg  GmbH.  He  joined 
the  Dresden  University  of  Technology  in  1996 
where  he  is  involved  in  the  development  of 
measurement  techniques  to  ensure  the  safety  of 
persons  in  the  presence  of  strong  electromagnetic 
fields. 

Karl-Heinz  Gonschorek  was  born  in  a  small 
village  close  to  Hanover  in  September  1946.  He 
studied  electromagnetics,  concentrating  on  high 
frequencies,  at  the  University  of  Hanover.  In  1980 
he  wrote  his  doctor  thesis  about  electromagnetic 
coupling  of  arbitrarily  located  thin  electrodes.  From 
1980  to  1988  he  was  with  Siemens,  working  in  a 
R&D-group  handling  questions  of  EMC.  1988  he 
became  professor  for  electromagnetic  influences 
at  the  Technical  University  of  Hamburg-Harburg. 
Since  1995  he  is  the  holder  of  the  Siemens- 
foundation  chair  on  EMC  at  the  Dresden  University 
of  Technology. 


EMC  98 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


LOW  COST  OPTICAL  LINK  TO  MONITOR  EUT'S  SUSCEPTIBILITY  TESTS 


Marcos  Quilez,  Ferran  Silva  and  Pere  Riu 
Departament  d'Enginyeria  Electronica.  Universitat  Politecnica  de  Catalunya. 
Gran  Capita  s/n.  Edifici  C-4.  08034  Barcelona.  SPAIN, 
tel:  343-401-7826  fax:343-401-6756  E-mail:  marcos@eel.upc.es 


The  high  immunity  level  to  electromagnetic 
disturbances  of  fiber  optic  links  makes  them  very  useful 
to  transmit  signals  during  radiated  and  transient 
susceptibility  tests.  The  present  design  widens  the 
bandwidth  of  a  low  cost  LED  and  allows  sending 
analog  signals  up  to  100  MHz  over  a  fiber-optic  link. 


speed  A/D  converters.  The  second  one  allows  high 
bandwidth  links  based  on  the  direct  modulation  of  a 
linear  LASER.  Systems  based  on  both  techniques  take 
benefit  of  fiber  optics  links,  but  present  the 
disadvantage  of  the  high  cost  of  A/D  converters  at  high 
frequencies  and  linear  LASERs. 


1.  INTRODUCTION. 

External  disturbances  are  applied  to  equipment  under 
test  (EUT)  in  radiated  and  transient  electromagnetic 
susceptibility  (EMS)  tests.  In  radiated  susceptibility 
tests,  the  EUT  is  illuminated  with  electromagnetic  fields 
and  it  must  work  properly  under  the  radiation  to  pass  the 
test.  This  kind  of  test  takes  place  inside  an  anechoic 
chamber  or  any  other  specific  site  as  TEM  or  GTEM 
enclosures.  Some  EUT  responses  must  be  transmitted 
outside  the  enclosures  during  the  test  because  the  test 
engineers  must  follow  the  effects  of  radiation  on  the 
EUT  features.  Shielded  video  systems,  fiber-optic  links 
for  digital  signals  and  coaxial  cables  for  analog  signals 
are  frequently  used.  The  analog  signal  coaxial  cable  link 
is  susceptible  to  the  electromagnetic  fields  inside  the 
enclosure  and  sometimes  it  is  impossible  to  separate  the 
signal  generated  by  the  equipment  from  the  signal 
coupled  to  the  cable.  Similar  problem  arises  in  transient 
susceptibility  tests.  The  transients  coupled  to  EUT  cause 
radiated  disturbances  that  may  produce  interference  in 
any  near  coaxial  cable  link. 

The  high  immunity  level  to  external  disturbances  fiber¬ 
optic  links  feature  make  them  very  suitable  for  this 
application,  not  only  to  transmit  digital  signals  as  usual, 
but  also  analog  ones.  Transmission  of  low  bandwidth 
analog  signals  does  not  present  any  difficulty,  because 
analog  to  digital  conversion  at  low  frequency  is  easy 
and  a  digital  LED  based  fiber-optic  link  fits  well. 
However,  the  disturbances  applied  in  EMS  tests  are 
large  bandwidth  signals.  For  that  reason,  high  frequency 
links  are  needed  to  follow  how  disturbances  interfere 
with  the  signals  in  the  EUT. 

Two  alternative  techniques  are  frequently  used  when  the 
analog  signal  bandwidth  is  high.  The  first  one  uses  high 


The  design  that  we  present  in  this  paper  allows  sending 
analog  signals  up  to  100  MHz  over  a  fiber-optic  link 
using  low  cost  components.  A  voltage  to  current 
conversion  and  an  equalized  gain  amplifier  allows  a 
LED-based  emitter  to  work  at  these  frequencies  in 
analog  mode. 


2.  CIRCUIT  DESCRIPTION 


Figure  1  shows  the  link  block  diagram.  The 
transconductance  amplifier  in  the  emitter  section  is  the 
heart  of  this  design,  as  it  performs  the  voltage  to  current 
conversion  and  the  frequency  response  equalization. 

The  transconductance  amplifier  and  the  emitter  circuit 
operation  are  described  next. 


One  of  the  basic  desired  features  of  an  analog 
transmission  system  is  linearity.  The  relation  between 
input  LED  and  output  photodiode  current  is  given  by 
[1] 


i  photodiode  1  photodiode 
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where  I’s  are  the  polarization  currents  and  i’s  are  the 
signal  currents.  The  exponent  n  is  the  non-linearity 
factor,  which  depends  on  the  LED,  and  tends  to  1  when 
Iled  increases.  In  these  conditions,  n  is  the  only  reason 
for  non-linearity  when  the  LED  is  current  excited. 


If  the  LED  is  voltage-excited  then  linearity  becomes 
worse:  the  relation  between  voltage  and  current  in  a 
LED  is 
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Figure  1 .  Block  diagram  of  the  optical  link. 


where  is  the  signal  voltage,  l0  is  the  reverse 

saturation  current  and  VT-KT/q  with  K  the  Boltzman  The  response  of  V-I  converter  amplifier  from  Figure  1 
constant.  can  be  calculated  by 


Combining  equations  (1)  and  (2)  the  voltage  input  at  the 
LED  and  voltage  output  at  the  photodiode  relation  is 

_  -7  t 

photodiode  photodiode 


where  Z  is  the  impedance  that  gives 

V photodiode  ^‘i photodiode  • 
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(3) 


When  a  LED  is  voltage  excited,  equation  (3)  shows 
clearly  the  non-linearity.  Therefore,  current  LED 
excitation  is  the  best  option  to  improve  the  optical  link 
linearity.  An  amplifier  based  on  two  current  conveyors 
(see  figure  1)  [2]  implements  a  V-I  converter  to  be  used 
with  a  voltage  source. 

A  low-cost  LED  has  a  small  bandwidth  when  it  is 
excited  by  a  current  signal.  So,  equalization  in  the 
voltage-current  amplifier  response  has  been  used  to 
widen  the  LED  bandwidth  (patent  application  filed). 
This  equalization  performance  has  been  obtained  with  a 
simple  passive  R-C  circuit. 

The  decreasing  gain  in  the  LED  response  near  the 
cut-off  frequency  can  be  approximated  by  a  single  pole 
circuit,  that  is,  a  -20  dB/dec  gain  decrease.  The  adopted 
solution  equalizes  the  V-I  converter  amplification  to 
compensate  the  LED  response.  By  placing  a  zero  at  the 
amplifier  at  the  same  frequency  where  the  LED- 
photodiode  pair  presents  the  pole,  the  system  presents  a 
flat  response.  At  high  frequencies,  however,  LED 
response  is  not  well  represented  by  a  single  pole  circuit 
and,  on  the  other  hand,  the  amplifier  gain  cannot  be 
incremented  continuously  so  the  system  is  not 
completely  equalized,  but  cut-off  frequency  is 
increased. 


V 

/  =  2JSL  pit 

‘OUT  y  VV 

To  include  a  zero  in  the  amplifier  response,  feedback 
impedance  Z  can  be  configured  as  a  simple 
resistor-capacitor  parallel  pair  (Rc  is  set  to  avoid 
feedback  oscillation,  see  Figure  2).  This  net  presents  an 
impedance: 


s+/rtct 


so  the  amplifier  output  current  is 


(5) 
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The  receiver  circuit  is  based  on  a  pre-amplified  PIN 
photodiode  (Honeywell  HFE42 1 1 )  and  follows  the 
application  note  provided  by  its  manufacturer. 


Figure  2.  Amplifier  gain  equalization  with  an  R-C  net 
feedback. 
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3.  TECHNICAL  CONSTRUCTION  ASPECTS 

Good  linearity  and  wide  enough  bandwidth  are 
fundamental  in  analog  transmission  systems,  but  some 
other  additional  features  must  be  considered  to  obtain  an 
optical  link  suitable  for  EMS  susceptibility  test. 

The  led  polarization  current  is  directly  related  to  link 
behaviour,  because  the  non-linearity  factor  in  equation 
(1)  and  LED  band  with  depend  on  it.  For  these  reasons, 
this  current  must  be  set  properly  to  obtain  the  best 
linearity  and  bandwidth  figures.  For  the  LED  used  in 
our  design,,  the  manufacter  recommends  a  50  mA 
polarization  current  to  get  the  maximun  bandwith. 

Since  changes  in  polarization  affect  link  performance 
and  diode ,  characteristics  are  very  sensitive  to 
temperature,  an  independent  current  source  has  been 
used  to  adjust  polarization  current.  This  source  allows  to 
set  the  polarization  current  avoiding  inestability  of  the 
LED  working-point  due  to  temperature  changes. 

Equalization  of  LED  response  involves  finding  the 
exact  frequency  at  where  the  zero  due  to  Zx  must  be 
placed  to  match  the  frequency  pole.  Dispersion  of 
responses  in  the  same  LED  family  due  to  manufacturing 
process  makes  necessary  to  use  slightly  different  Zj  for 
each  LED  unit.  So,  to  obtain  a  maximum  flat  response, 
the  R-C  equalization  net  must  be  designed  for  each  unit 
and  must  be 

redesigned  if  the  LED  has  to  be  replaced. 

This  unpleasant  situation  can  be  avoided  by  using  a 
fixed  value  of  ZT  and  moving  slightly  the  LED  pole 
position  until  it  fits  the  zero  provided  by  ZT.  Effectively, 
LED  bandwidth,  and  so  its  pole  frequency,  depend  on 
the  polarization  current.  In  this  situation,  the  R-C  net 


that  provides  the  gain  equalization  is  set  for  the  typical 
pole  frequency,  then  the  LED  polarization  current  is 
adjusted  to  move  the  LED  pole  at  the  frequency  of  the 
amplifier  zero. 

This  way,  the  LED  polarization  current  and  the  correct 
equalization  of  its  frequency  response  are  set  with  only 
one  adjustment. 

The  layout  of  the  printed  circuit  board  has  been 
accurately  designed  to  reduce  the  effects  that  appear 
when  signals  frequency  increase  because  of  parasitic 
capacitors  and  inductances,  as  well  as  to  improve  the 
immunity  of  the  system  against  external  disturbances, 

Using  this  optical-link  in  EMS  tests  involves  that 
emitter  and  receiver  circuits,  but  especially  at  the 
emitter  side,  must  be  able  to  work  under  radiated 
electromagnetic  fields.  So,  the  emitter  and  the  receiver 
circuits  have  been  protected  by  a  shield.  Both  circuits 
have  been  enclosed  in  a  metallic  case  connected  to  a 
fixed  potential.  This  way,  good  electric  field  protection 
is  achieved.  But,  at  low  frequencies,  this  shield  is 
ineffective  for  magnetic  field.  To  get  additional 
protection  against  magnetic  fields  at  the  emitter  section, 
the  inner  side  of  the  case  was  covered  of  ferromagnetic 
material.  In  these  conditions,  the  optical  link  has  been 
tested  to  work  properly  inside  a  semi-anechoic  chamber 
under  radiated  fields  of  10  V/m  amplitude  and  80  MHz 
to  1  GHz  frequencies. 

To  obtain  all  the  benefit  of  the  fiber-optic  link,  shielding 
and  bounding  techniques  are  nor  enough.  Since  external 
disturbances  couple  to  power  cables,  emitter  must  be 
powered  locally  without  using  any  external  conductor 
cable.  A  battery-operated  emitter  is  the  adopted 
solution. 
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In  this  situation,  the  high  energy  demand  to  polarize  the 
LED  (50  mA  for  the  LED  considered  in  this 
application)  presents  a  problem  and  discards  the  use  of 
small  cell  batteries  to  obtain  long  autonomies. 

Low  battery  charge  produces  a  power  supply  drop  that 
affects  the  emitter  behavior.  This  power  supply  drop 
must  be  detected  to  avoid  errors  in  measurements.  Since 
the  operator  and  the  measurement  instrumentation 
usually  stay  beside  the  receiver,  power  supply  drops  in 
the  emitter  should  be  automatically  detected.  In  our 
design,  power  supply  drops  are  controlled.  When 
battery  charge  can  not  guarantee  the  proper  emitter 
function,  the  led  polarization  current  is  cut  off,  avoiding 
led  emission  and  no  signal  arrives  to  the  receiver. 


for  instance,  that  the  harmonics  level  referred  to  the 
level  of  the  fundamental  frequency  signal  is  less  than 
-50  dBc  for  a  10  MHz  and  100  mVrms  input  signal. 

The  noise  floor  was  obtained  measuring  the  output 
signal  level  with  a  spectrum  analyzer  while  no  input 
signal  is  applied.  The  input  was  ended  with  an  adapted 
charge.  The  spectrum  analyzer  input  impedance  and  the 
resolution  bandwidth  (RBW)  are  known  parameters.  So, 
noise  power  spectral  density  is  given  by 


N  = 


K 7** 

RBW 


(7) 


The  measured  noise  floor  is  below  4.2TO'i0  pW/Hz. 


4.  RESULTS 

Figure  3  shows  the  frequency  response  of  the  optical 
link.  The  LED  used  in  this  design  has  its  -3  dB  cut-off 
frequency  at  45  MHz  when  it  is  directly  excited.  By 
using  the  equalized  amplifier  described,  the  cut-off 
frequency  is  increased  up  to  100  MHz. 

Linearity  has  been  determined  measuring  the  harmonic 
distortion  due  to  the  optical  link.  A  sinusoidal  signal  has 
been  applied  at  the  input  and  the  level  of  the  harmonics 
that  appear  at  the  output  signal  has  been  measured.  The 
level  of  harmonics  due  to  distortion  is  expressed  in  dBc 


Figure  4.  Harmonics  level  for  100  mVrms  input 
signals. 

(dB  to  carrier)  referred  to  the  level  of  the  fundamental 
harmonic. 

In  order  to  have  a  good  characterization  of  link  linearity, 
first  seven  harmonics  were  measured  for  a  total  of  1134 
input  signals,  making  a  frequency  sweep  through  the 
whole  bandwidth  and  an  amplitude  sweep  between  100 
mVrms  and  300  mVrms.  Measurements  for  100  mVrms 
input  signals  are  plotted  in  Figure  4.  This  figure  shows, 


Electromagnetic  immunity  was  tested  by  transmitting  a 
known  signal  form  inside  a  semi-anechoic  chamber.  The 
link  worked  properly  under  a  radiated  field  of  10  V/m, 
in  the  conditions  set  for  IEC- 100-4-3  standard 
susceptibility  tests. 

These  measured  features  show  that  this  low-cost  analog 
optical  link  is  suitable  for  motoring  equipment  under 
electromagnetic  susceptibility  tests. 

5.  CONCLUSIONS 

This  design  proves  that  current  excitation  of  LEDs 
based  on  current  conveyors  is  very  effective  to  transmit 
analog  signals  over  fiber  optic  links.  Especially  because 
this  technique  allows  to  include  equalization  in  the 
transconductance  amplifier,  and  widen  the  LED 
bandwidth,  using  few  passive  components. 

Another  important  point  is  the  use  of  the  current 
polarization  to  correct  the  dispersion  of  the  LED  pole 
frequency.  This  feature  allows  a  single  adjustment 
design  to  set  the  current  polarization  and  the  correct 
equalization  of  LED  response. 

Referring  to  the  link  features,  the  results  show  that  it  is  a 
suitable  optical-link  to  monitor  equipment  during 
electromagnetic  susceptibility  tests.  So,  this  low  cost 
optical-link  covers  the  empty  segment  between  high 
performance  but  high  cost  optical-links  and  other  low 
cost  optical-links  with  very  poor  performance. 
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A  fractional  loop  (one  sixth  of  a  complete 
loop)  in  front  of 60 0  comer  reflector  is  proposed  in  this 
paper  to  simulate  a  highly  directive  standard  EM  wave, 
hield  equation  of  the  proposed  antenna  is  developed. 
Various  parameters  such  as  loop  radius,  wire  diameter 
and  reflector  size  which  are  to  be  considered  in 
developing  the  proposed  antenna  are  well  described  in 
this  paper.  The  proposed  fractional  loop  antenna  is 
constructed  and  the  radiation  pattern  of  the  antenna  is 
measured  to  compare  the  theoretical  radiation  pattern. 
Comparison  shows  a  very  good  agreement  with  the 
theoretical  pattern. 


1.  INTRODUCTION 

The  simplest  way  of  reducing  Electromagnetic 
Interference  (EMI)  problem  of  the  electrical  and 
electronic  equipment  is  by  enclosing  the  equipment 
using  conducting  materials.  The  level  of  shielding  of 
the  enclosure  against  EMI  is  usually  determined  by 
the  measurement  of  Shielding  Effectiveness  (SE)  of  the 
material  used  for  the  enclosure.  Standard  field 
simulation  is  the  starting  point  of  any  SE  measurement 
technique.  Thus  it  is  necessary  for  an  antenna  which 
could  simulate  standard  EM  waves.  In  this  paper  a 
fractional  loop  antenna  has  been  proposed  which  can  be 
employed  to  simulate  standard  EM  wave  for  magnetic- 
field  shielding  effectiveness  measurement  of  the 
plannar  sheet. 


The  paper  is  organised  as  follows.  The 
development  of  field  equation  of  the  fractional  loop 
antenna  presented  in  section-2.  Directivity  and  gain  of 
the  developed  antenna  is  also  given  in  this  section 
Size  and  shape  of  the  fractional  loop  and  the  corner 
reflector  are  selected  in  section-3.  Computation  of  the 
antenna  parameters  and  measurement  of  radiation 
pattern  of  the  designed  antenna  are  presented  in 
section-4.  Section-5  contains  the  concluding  remarks. 

2  .  FIELD  EQUATION 

Field  equation  for  the  fractional  loop  antenna 
in  front  of  60°  corner  reflector  has  been  developed  by 
using  the  image  theory  and  the  theory  of  pattern 
multiplication  [1],  One  sixth  of  loop  in  front  of  a  60° 
corner  reflector  produces  five  image  loops  of  the 
original  one  as  shown  in  Fig.l.  Image  theory 
straightway  refers  to  the  two  images  at  A2  and  A3 
because  of  the  reflectors  OR]  and  OR2.  If  we  take  the 
corner  line  as  a  reflector  then  the  third  image  A*  is  to 
be  considered.  Again,  another  two  images  At  and  A5 
images  are  produced  due  to  the  image  reflector  OR, 
and  OR3  respectively.  Therefore,  each  infinitesimal 
dipole  element  of  the  arc  would  have  five  images.  The 
effect  of  these  images  on  the  field  of  the  original 
fractional  loop  are  then  superimposed  by  a  method 
similar  to  pattern  multiplication.  Thus,  the  one  sixth  of 
loop  in  front  of  the  corner  reflector  can  act  as  a 
complete  loop  in  free  space. 
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reflector.  The  radiated  field  expressions  can  then  be 
obtained  as  [2] 


•W  \  A, 


E,  =  —  B asinQ  for 0 < <b ^ tc/3  and 0 < 9  < n 

<1>  4r 

=  0  elsewhere  (2) 


Fig.  1  Image  produces  by  an  infinitesimal  dipole  of 
one  sixth  of  loop  in  front  of  a  60°  corner 
reflector. 

The  fractional  loop  antenna  can  be  considered 
an  array  of  coplanar  three  pair  of  dipoles  shown  in 
Fig.2.  Each  pair  of  dipoles  are  parallel  to  each  other 
carrying  equal  and  out  of  phase  current.  The  far  field  is 
computed  from  the  vector  potential  of  coplanar  hexad 
dipoles  and  the  vector  potential  of  the  one  sixth  of  loop 
element. 
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Fig.  2  Geometry  of  fractional  loop  and  its  images. 


\l\a 

HL  =  (3^—  sin0  for  0  <  <))  <  ti/3  and  0  <  0  <7i 
0  4  r 
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From  the  field  expressions  of  the  quarter  loop 
and  those  of  the  complete  loop  which  are  given  in  the 
literature's  [3,1],  it  can  be  seen  that  the  radiation 
pattern  of  the  fractional  loop  is  similar  to  that  of  a 
quarter  loop  and  that  of  a  complete  loop  but  the 
radiated  field  area  is  different  from  each  other. 

2.1  Antenna  parameters 

The  directivity  of  an  antenna  is  the  ratio  of 
maximum  radiation  intensity  (Um)  to  average  radiation 
intensity  ( Uv ).  These  radiation  intensities  are  related  to 
the  total  power  radiated  (Pr)  by  the  antenna.  For 
fractional  loop  antenna 

=  P  a  h  jj  =  —  p  u  =Jjl  (4) 

r  3  ’  m  4 n  r’  av  4 n  (  } 

Hence,  the  directivity  of  fractional  loop 
antenna  (DH)  will  be  9. 

The  gain  of  the  fractional  loop  antenna  (GH) 
can  be  obtained  by  multiplying  the  directivity  DH  with 
radiation  efficiency  (ri). 


For  X  »a  and  pa«l,  the  resultant  vector 
magnetic  potential  due  to  the  three  pair  of  dipoles  at  the 
far  field  point  P0\0,<}>)  can  be  obtained  as[2] 

A  =  <{)3 jfiasinQ  x  A  (1) 

arc 

where  A  =  —  —  •  —  ^  ,  [ /]  =  / 

arc  47 ir  3 

The  term  3/pav/«0  is  known  as  the  array  factor. 

If  the  co-ordinate  axes  are  chosen  so  that  the 
loop  is  in  the  x-y  plane  and  the  reflectors  in  the  x-z  and 
y-z  plane  respectively  then  the  net  field  expressions 
valid  for  azimuth  angle  of  0  to  n/3  and  the  polar 
angle  0  of  0  to  7t  (i.e.  in  front  of  the  reflector).  Reflector 
is  assumed  as  an  infinite  ground  plane.  Thus  neither 
magnetic  nor  electric  field  is  present  behind  the 


where  T)  = 


^ohmic  ^ref 


Here,  Rr  is  the  radiation  resistance,  Rohmic  is 
the  ohmic  resistance  of  the  loop  and  Rref  is  the  reflector 
resistance. 

The  input  impedance  of  the  fractional  loop 
antenna  can  be  obtained  from  the  equivalent  circuit  of 
the  antenna  as  described  in  the  literature  [4J. 

3.  SELECTION  OF  SIZE  AND  SHAPE  OF 
ANTENNA 

3.1  Design  consideration  of  fractional  loop 

Antenna  parameters  such  as  the  radiation 
efficiency  and  radiated  power  depends  on  the  design 
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parameters  such  as  the  loop  radius,  the  size  and  the 
shape  of  the  loop  arc.  A  loop  antenna  of  constant  gain 
and  maximum  radiation  efficiency  in  the  frequency 
range  of  interest  (30MHz  to  1000MHz)  is  desirable. 
Gain  and  radiation  efficiency  are  computed  at  various 
loop  radius  Gain  and  radiation  efficiency  at  various 
frequencies  as  a  function  of  loop  radius  are  shown  in 
figs.  3  and  4  respectively. 
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Fig.  3  Gain  vs  Frequency  curve  at  various  loop  radius. 
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Fig.  4  Radiation  Efficiency  vs  Frequency  curve  at 
various  loop  radius. 

The  Figs.  3  and  4  show  that,  the  gain  and 
radiation  efficiency  both  increases  with  the  increase  of 
loop  radius  at  frequencies  below  100MHz.  Above 
100MHz.  the  gain  and  efficiency  both  are  almost 
constant  at  all  loop  radius.  However,  maximum  gain 
and  radiation  efficiency  are  found  at  frequency  above 
40MHz  at  a  loop  radius  of  1 5cm.  Thus,  it  is  decided  to 
select  the  loop  radius  of  15cm,  because  it  can  provide 
enough  arc  length  for  easy  to  bending  at  a  60°  arc. 

Cross-sectional  dimension  of  the  loop  wire  is 
an  important  factor  for  the  radiation  efficiency  at  a 
fixed  loop  radius.  In  this  work  a  wire  of  circular  cross- 
section  is  chosen  to  construct  the  fractional  loop.  The 
radiation  efficiency  of  85%  is  found  at  frequency  above 
40MHz  at  a  wire  radius  of  8mm  as  describe  in 


literature[2].  Thus  a  wire  radius  of  8mm  is  selected 
because  it  can  provide  enough  space  for  mounting  the 
connectors  at  the  end  of  fractional  loop,  where  it  meets 
with  the  sides  of  the  corner  reflector. 

3.2  Design  consideration  for  the  reflector 

A  square  corner  reflector  is  used  to  improve 
the  directional  property  as  well  as  gain  of  the  fractional 
loop  antenna.  The  length  of  the  reflector  is  to  be  large 
as  compared  to  the  antenna-to-corner  spacing  (i.e.  the 
length  of  the  loop  radius),  so  that  the  reflector  can  be 
considered  as  an  infinite  ground  plane  to  hold  the 
image  theory.  The  minimum  length  of  each  side  of  the 
square-corner  reflector  is  considered  to  be  the  three 
times  of  the  antenna-to-corner  spacing  (i.e.  loop  radius) 
[1],  Therefore,  in  this  work  each  side  of  the  reflector  is 
assumed  to  be  the  four  times  of  the  loop  radius  (i.e.  4  x 
15  =  60cm). 

The  region  behind  the  sheet  reflector  would 
not  be  a  full  shadow  region  due  to  the  sharp  edge  of  the 
reflector.  Thus  the  diffracted  radiated  field  is  found  into 
the  shadow  region[5].  However,  this  diffracted 
radiation  can  be  reduced  by  converting  the  sharp  edges 
of  the  reflectors  into  the  rolled  edges[6],  which  have  a 
curvature  of  radius  greater  than  X/4.  Thus  in  this  work, 
the  edges  of  the  reflector  are  curved  with  a  curvature 
radius  of  greater  than  75cm  to  reduce  the  diffracted 
field  at  frequencies  above  100MHz.  The  reflector 
should  be  strong  enough  so  that  it  remains  straight  in 
any  orientation.  In  this  work  an  aluminum  sheet  of 
2mm  thickness  is  used  in  order  to  construct  the 
reflector. 

3.3  Construction  of  the  designed  antenna 

The  fractional  loop  is  fixed  onto  the  reflector 
by  the  plastic  screw.  A  diagram  of  the  fractional  loop 
with  end  connection  is  shown  in  Fig.  5. 


Fig.  5  Fractional  loop  antenna  in  front  of  60°  corner 
reflector . 
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4.  COMPUTATION  AND  MEASUREMENT 

4.1  Computation  of  antenna  parameters 

Radiated  fields  and  gain  of  the  designed 
fractional  loop  antenna  have  been  computed.  Predicted 
gain  of  the  proposed  fractional  loop  antenna  has  been 
compared  with  that  of  the  quarter  loop  antenna  and  a 
complete  loop  antenna.  This  comparison  is  shown  in 
Fig.  6.  Fig. 6  shows  that  the  gain  of  the  proposed 
antenna  is  higher  than  that  of  the  quarter  loop[3]  and 
that  of  a  complete  loop[l].  It  is  also  found  that  the 
directivity  of  fractional  loop  antenna  is  1.5  times  of  that 
of  a  quarter  loop[3]  and  6  times  of  that  of  a  complete 
loop[l]  antenna. 
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Fig.6  Gain  vs  frequency  curve. 

4.2  Radiation  pattern  measurement 

Throughout  the  measurement  of  radiation 
pattern,  it  is  assumed  that  the  developed  fractional  loop 
antenna  is  treated  as  a  passive,  linear  and  reciprocal 
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Fig.  7  Schematic  block  diagram  of  test  set-up. 


devices.  Thus  the  two  fractional  loop  antennas  are  used 
to  observe  the  radiation  pattern  of  the  developed 
antenna.  One  is  used  as  a  transmitting  antenna  while 
the  other  is  used  as  a  receiving  antenna.  Schematic 
block  diagram  of  the  test  set-  up  is  shown  in  Fig.  7. 

Field  measurement  is  done  at  a  radial  distance 
of  3m  and  at  a  frequency  of  250MHz.  Measurement 
procedures  are  well  described  in  the  literature[2].  In 
order  to  obtain  horizontal  pattern,  the  receiving 
antenna  is  rotated  in  the  horizontal  plane  ( i.e.  0  =  90°) 
where  the  azimuth  angle  (4>)  varies  from  0  to  180°. 

The  maximum  field  strength  is  found  at 
(|>=90o,  and  0  =  90°.  The  position  of  maximum  field 
strength  is  then  considered  as  the  reference  position  for 
the  present  task.  The  measurement  are  also  repeated  for 
other  frequencies. 

4.3  Test  results  and  Comparison 

It  has  already  been  mentioned  that  the 
fractional  loop  antenna  radiates  in  the  azimuth  angle 
(4))  varying  from  0  to  60°  in  the  horizontal  plane  (i.e.  0 
=  90°).  In  this  work  the  reference  position  is  considered 
at  4>  =  90°  and  0  =  90°.  Therefore,  the  presence  of  the 
radiated  field  is  to  be  expected  in  between  4>  >  60°  and 
<J>  <  120°  in  the  same  plane.  The  measured  field 
strength  at  different  positions  of  the  transmitting 
antenna  are  normalized  by  the  maximum  field  strength 
which  is  obtained  at  the  reference  position.  Polar  plot  of 
the  measured  radiated  fields  is  shown  in  Fig.  8(a).  The 
computed  normalized  field  pattern  of  the  developed 
antenna  in  the  horizontal  plane  (0  =  90°)  has  been 
shown  in  Fig.  8(b).  Fig.  8  shows  that  though  the 
theoretical  pattern  and  the  measured  pattern  are 
identical  but  a  weak  field  is  found  in  the  shadow 
region.  These  may  be  due  to  the  reflections  from  the 
metallic  objects  present  in  the  room  and  associated 
cabling,  radiation  from  the  instruments,  reception  of 
other  EM  noise  by  both  the  receiving  and  transmitting 
antenna,  the  leakage  current  flowing  through  the 
reflector  which  also  contributes  to  radiation,  the  edge 
diffraction,  and  the  change  in  amplitude  of  the  local 
oscillator  during  measurement. 

5.  CONCLUSION 

This  paper  discusses  the  proper  selection  of 
designed  data  of  newly  developed  fractional  loop 
antenna.  It  is  found  that  both  the  directivity  and  gain 
of  the  developed  antenna  remains  constant  at  all 
frequencies  above  60  MHz. 

Measured  radiation  pattern  has  been  found 
nearly  identical  to  that  of  the  computed  pattern. 
Measurement  of  antenna  parameters  such  as  directivity. 
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Fig.  8  (  a)  Radiated  field  pattern  (b)  theoretical 
field  pattern. 

gain  and  input  impedance  of  the  developed  antenna 
was  not  done  due  to  the  non  standard  test  environment. 

Two  fractional  loop  antenna  (one  acts  as  a 
transmitting  antenna  while  the  other  acts  as  a  receiving 
antenna)  can  be  used  to  measure  the  low  impedance 
magnetic  field  SE  of  a  plannar  sheet  like  conductive 
material.  The  test  sheet  and  the  receiving  antenna  has 
to  be  positioned  strictly  in  the  near  field  region  of  the 
transmitting  antenna.  The  field  in  and  around  the  test 
location  will  be  predominantly  reactive  not  radiative. 
Thus  measuring  the  SE  using  this  type  of  antenna  has 
to  be  calibrated  to  take  into  account  correction  factor 
for  indirect  path  signal  infringement. 
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Abstract  -  Overall  test  times  can  be  reduced  significantly 
by  using  signal  processing  algorithms  on  data  collected 
during  EMI  measurements.  This  is  especially  true  for 
commercial  radiated  EMI  compliance  tests,  which  usu¬ 
ally  require  signal  maximization  by  scanning  the  antenna 
tower  over  a  defined  height  range,  changing  the  antenna 
polarization,  and  turning  the  table  on  which  the  equip¬ 
ment  under  test  (EUT)  is  set  up.  By  varying  these  three 
parameters,  the  highest  amplitude  at  each  detected  EUT 
emission  is  determined,  which  can  be  a  lengthy  process. 
Additional  complexity  is  added  when  the  measurement  is 
made  on  an  open  area  test  site  (OATS).  Then,  extra  mea¬ 
surement  steps  must  be  used  to  discriminate  between 
ambient  signals  and  EUT  emissions.  Software  tools  can 
automate  parts  of  the  measurement  or  provide  assistance 
during  interactive  testing.  In  this  paper,  some  algorithms 
and  their  implementation  in  a  commercial  radiated  EMI 
software  package  are  discussed  and  sample  applications 
are  presented. 

1.  Introduction 

During  the  course  of  a  conducted  or  radiated  EMI  com¬ 
pliance  measurement  different  types  of  signals  are  de¬ 
tected,  depending  on  the  EUT.  Often,  the  spectrum  mea¬ 
sured  in  a  conducted  test  contains  broadband  emissions, 
caused,  for  example  by  the  brushes  of  the  EUT's  electric 
motor.  The  determination  of  the  frequency  of  this  signal 
is  rather  complex,  because  this  information  cannot  be 
directly  derived  from  the  EMI  receiver's  display.  Some 
further  analysis  is  required  to  identify  related  spectral 
components  and  to  calculate  the  actual  emission 
frequency.  Furthermore,  the  interception  of  broadband 
signals,  especially  those  with  low  repetition  rates,  is 
complicated  because  the  EMI  receiver  has  to  either  dwell 
at  the  tuned  frequency  for  a  certain  time  or  sweep  across 
a  band  at  an  adequate  sweep  rate.  In  either  case,  prior 
knowledge  of  the  characteristics  of  the  signal  to  be  mea¬ 
sured  is  necessary  to  select  the  appropriate  receiver  set¬ 
tings.  A  solution  to  these  specific  problems  is  provided 
by  so-called  "trace-based"  software  packages,  which  re¬ 


cord  complete  measurement  traces  of  swept  receivers 
and  compare  this  data  against  one  or  multiple  limit  lines. 
Usually,  the  EMI  receiver  sweep  time  and  the  number  of 
sweeps  per  frequency  band  are  selectable  to  ensure  inter¬ 
cept  of  broadband  signals.  By  taking  this  approach,  the 
actual  frequency  determination  of  signals  in  these  traces 
is  avoided.  When  amplitudes  exceed  the  applied  limit 
line,  the  receiver  is  swept  across  this  small  frequency 
segment  using  a  different  detector.  The  result  is  docu¬ 
mented  as  a  graph  showing  the  measurement  traces  along 
with  limit  lines.  No  signal  lists  are  provided  containing 
the  emission's  frequency,  amplitude  and  other  attributes, 
because  this  demands  a  frequency  determination  and 
might  require  manual  interaction.  With  radiated  EMI 
measurements  the  emissions  are  predominantly  narrow- 
band.  Therefore,  an  algorithm  can  be  applied  to  the  mea¬ 
surement  traces  to  discern  actual  signals  in  the  spectrum. 
In  this  way,  signal  information  can  be  separated  from 
measured  broadband  noise,  which  reduces  the  number  of 
emissions  that  must  be  maximized  during  compliance 
testing.  To  ensure  the  shortest  test  time  possible,  only  the 
significant  signals  should  be  maximized. 

The  ability  to  discern  signals  in  traces  usually  leads  to  a 
"list-based"  software  product,  which  provides  signal  lists 
as  a  basis  to  store,  process  and  present  signal  data.  These 
lists  also  serve  as  the  input  information  for  the  maximi¬ 
zation  and  measurement  procedures.  In  addition,  these 
lists  provide  powerful  data  comparison  capabilities, 
which  can  be  used  in  many  different  ways.  For  instance, 
the  discrimination  between  ambient  and  EUT  signals  on 
an  OATS  is  simplified  by  comparing  two  lists,  where  one 
contains  ambient  signals  only  and  the  second  holds  both 
ambient  and  EUT  signals.  The  comparison  of  signal  am¬ 
plitudes  against  limit  lines,  as  well  as  the  sorting  of  lists 
by  a  specified  attribute  or  selection  of  emissions  meeting 
a  definable  criterion  contributes  to  a  shorter  overall  test 
time.  However,  the  list-based  measurement  approach 
introduces  a  new  set  of  technical  challenges,  mainly  re¬ 
lated  to  signal  processing.  In  the  following  paragraphs, 
the  focus  will  be  on  radiated  EMI  measurements  and  the 
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issues  related  to  signal  discernment  in  traces  and  data  handling. 


2.  Discernment  of  Signals  in  Traces 
A  swept  EMI  receiver  has  a  definite  advantage  over  a 
stepped  receiver:  the  optimization  of  the  probability  of 
signal  detection.  The  receiver  has  to  be  swept  as  fast  as 
possible  and  multiple  sweeps  over  the  same  frequency 
range  have  to  be  taken.  This  multi-sweep  test  strategy 
results  in  a  lot  of  measurement  traces,  which  require  spe¬ 
cial  data  handling  in  the  controlling  software.  It  is  not 
feasible  to  save  all  digital  points  because  of  the  amount 
of  memory  needed.  More  importantly,  a  lot  of  trace 
points  are  only  associated  with  the  measurement  system's 
noise  floor,  and  many  data  points  adjacent  to  signal  max¬ 
ima  do  not  provide  new  information.  Using  such  a  set  of 
data  as  the  input  of  a  maximization  or  measurement  pro¬ 
cedure  would  cause  measurements  at  irrelevant  fre¬ 
quency  points  and  thus  lengthen  the  test  time  consider¬ 
ably.  Signal  processing  is  necessary  to  discern  signals  in 
traces.  This  requires  an  algorithm  capable  of  detecting 
signals  by  evaluating  adjacent  frequency  points  and  as¬ 
signing  the  appropriate  amplitude  and  frequency  to  a  dis- 
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Figure  1:  Signal  identification  parameter  interface 


cemed  signal.  This  information,  along  with  other  signal 
attributes  like  antenna  height  and  turntable  angle  at  the 
time  of  measurement,  can  be  stored  in  a  list. 

A  key  parameter  used  by  the  discernment  algorithm  is 
the  Peak  Excursion  entry  in  the  software  interface  shown 
in  Figure  1.  Other  significant  criteria  related  to  signal 
processing  are  also  part  of  this  central  interface  to  ensure 
ease  of  use  and  to  provide  protection  against  unwanted 
modifications  of  these  values  by  non-qualified  personnel. 


Limited  access  to  these  parameters  is  essential,  because  a 
change  has  a  dramatic  impact  on  the  measurement  result. 
For  instance,  change  of  the  Peak  Excursion  criterion 
from  a  lower  to  a  higher  value  will  usually  result  in  a 
smaller  number  of  signals  discerned  in  the  same  trace. 
Furthermore,  results  of  signal  comparisons  as  well  as  list 
manipulation  operations  are  impacted  by  the  signal 
matching  criteria  shown  in  the  interface. 

The  algorithm  that  discerns  the  signals  processes  traces 
by  using  two  Boolean  variables,  PSF  ("Positive  Slope 
Found")  and  NSF  ("Negative  Slope  Found"),  and  a  vari¬ 
able,  Peak  Value,  which  stores  the  maximum  trace  am¬ 
plitude  based  on  the  state  of  PSF.  Both  NSF  and  PSF  are 
set  to  False  before  the  actual  trace  processing  starts.  The 
leftmost  point,  which  represents  the  start  frequency  of 
the  trace,  initially  serves  as  a  reference  point  for  the  de¬ 
termination  of  a  rise  in  the  trace  as  defined  by  the  Peak 
Excursion  criterion.  The  algorithm  processes  the  data 
points  from  the  start  frequency  toward  the  stop  fre¬ 
quency,  checking  simultaneously  for  an  amplitude  lower 
than  the  initial  reference  point  and  the  first  rise  in  the 
trace  (Figure  2).  If  an  amplitude  that  is  lower  than  the 
current  reference  point  is  found,  the  lower  amplitude 
becomes  the  new  reference  value.  When  an  amplitude 
meets  or  exceeds  the  Peak  Excursion  criterion  relative  to 
the  current  reference  point,  PSF  is  set  to  True.  From  this 
point  on,  the  amplitudes  of  all  following  trace  points  are 
stored  in  the  Peak  Value  variable  until  a  fall  in  the  trace 
is  detected  according  to  the  Peak  Excursion  criterion. 
The  storage  procedure  for  trace  amplitudes  in  the  Peak 
Value  variable  utilizes  a  "maximum  hold"  function  to 
retain  the  maximum  value  found  during  the  analysis. 
Whenever  data  is  stored  in  the  variable  (PSF=lr\ie, 
NSF=  False),  the  reference  for  the  detection  of  a  fall  in 
the  trace  is  set  to  the  currently  processed  point.  If  a  fall  is 
detected,  NSF  is  set  to  True.  The  maximum  amplitude 
retained  in  the  variable  Peak  Value  is  associated  with  a 
frequency  in  the  trace  data  array.  This  frequency  and  am¬ 
plitude  will  be  reported  as  a  discerned  signal  and  stored 
in  a  list.  Now,  both  PSF  and  NSF  are  set  to  False  and  the 
processing  starts  over  again  from  the  current  data  point 
on. 


The  trace  shown  in  Figure  2  is  processed  by  the  al¬ 
gorithm  in  the  following  way:  the  first  data  point  is  used 
as  the  reference  and  retained,  since  now  lower  values  are 
found  before  the  first  rise  in  the  trace  as  defined  by  the 
Peak  Excursion  criterion.  At  this  point  PSF  is  set  to  true 
and  data  storage  of  amplitudes  in  the  Peak  Value  vari¬ 
able  occurs  as  long  as  increasing  amplitudes  are  encoun¬ 
tered.  The  amplitude  of  the  first  maximum,  D,,  will  be 
retained;  the  following  data  points  are  discarded  because 
their  amplitudes  are  lower  than  the  value  at  D,.  No  stor¬ 
age  into  Peak  Value  takes  place  until  data  point  D3  is 
processed  and  higher  amplitudes  are  detected.  The  drop 
between  point  D,  and  D2  does  not  meet  or  exceed  the 
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Peak.  Excursion  criterion  and  thus  is  ignored.  The  maxi¬ 
mum  amplitude  at  data  point  D4  is  stored  and  the  refer- 
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Figure  2:  Signal  discernment  in  traces 

ence  moved  to  this  trace  element.  Thereafter,  only  lower 
amplitudes  are  detected  while  processing  adjacent  points. 
When  a  fall  that  meets  or  exceeds  the  Peak  Excursion 
criterion  is  found,  amplitude  D4  is  related  to  its  fre¬ 
quency  in  the  trace  array  and  saved  in  a  list.  PSF  and 
NSF  are  set  to  False  and  the  processing  starts  over  again 
from  this  point  on.  The  reference  is  now  moved  along  the 
trace  as  long  as  consecutively  lower  amplitudes  are 
found. 

The  algorithm  detects  four  signals  in  the  example  trace  at 
data  points  D4,  D5,  D6  and  D7.  The  impact  of  the  Peak 
Excursion  value,  which  is  user  definable,  is  obvious;  a 
smaller  value  would  have  caused  the  discernment  of  an 
additional  signal  at  point  D,.  A  higher  value  will  cause 
fewer  signals  to  be  discerned;  for  example,  the  signal  at 
point  D6  might  have  been  discarded.  A  careful  selection 
of  this  value  is  necessary  to  ensure  proper  measurement 
results. 


3.  Signal  Matching  Parameters 

It  is  often  desirable  to  identify  two  signals  as  duplicate 
signals;  for  example,  to  avoid  multiple  storage  in  a  list. 
Since  no  signal  has  a  perfectly  stable  frequency  and  am¬ 
plitude,  a  signal  comparison  cannot  just  include  a  check 
of  their  nominal  frequency  and  amplitude  values;  fre¬ 
quency  uncertainty,  amplitude  variations  and  signal  char¬ 
acteristics  must  be  used  during  the  comparison  of  two 
signals  to  identify  them  as  "the  same  signal".  Even  if 
their  nominal  values  differ  from  each  other,  the 
algorithm  has  to  be  able  to  identify  them  as  duplicate 
signals.  Furthermore,  the  EMI  receiver  has  a  limited  fre¬ 
quency  and  amplitude  accuracy,  which  both  contribute  to 
the  signal  ambiguity  and  therefore  demand  a  more  so¬ 
phisticated  comparison  algorithm.  For  example,  a  signal 


might  be  found  in  the  first  trace  at  150  MHz  with  an  am¬ 
plitude  of  60  dBpV  and  in  the  following  trace  at  150.5 
MHz  with  a  59  dBpV  signal  level.  If  duplicate  signals 
are  not  desired,  a  decision  must  be  made  to  either  retain 
both  signals  in  case  they  are  truly  different  signals,  or 
discard  one  signal.  In  the  latter  case,  an  additional  deci¬ 
sion  is  required  to  determine  which  of  the  two  signals  to 
retain.  This  process,  known  as  signal  matching,  involves 
two  parameters,  frequency  uncertainty  and  amplitude 
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Figure  3:  Frequency  uncertainty  specification 

variance,  which  can  be  specified  by  the  user  in  a  dedi¬ 
cated  interface  (Figure  1). 

The  application  of  the  frequency  uncertainty  parameter  is 
shown  in  Figure  3.  Three  signals,  -  A,  B  and  C  -  were 
discerned  in  three  different  traces  and  have  identical  am¬ 
plitudes.  Their  individual  frequency  uncertainties,  indi¬ 
cated  by  the  arrows,  are  different.  In  the  first  step  of  the 
matching  process,  possible  duplicate  signals  ("candi¬ 
dates")  are  determined,  based  on  the  nominal  frequency 
and  frequency  uncertainty.  Two  signals  are  candidates  if 
the  nominal  frequency  of  one  signal  lays  within  the  un¬ 
certainty  range  of  the  reference  signal.  This  does  not 
mean  that  the  frequency  uncertainty  of  one  signal  has  to 
be  fully  contained  in  the  reference  signal's  range.  In  the 
example,  signal  A  is  the  reference  for  the  comparison 
and  signal  C  lies  within  A's  uncertainty  range;  therefore 
A  and  C  are  candidates.  The  nominal  frequency  of  signal 
B  is  not  contained  in  signal  A's  frequency  uncertainty.  B 
does  not  qualify  as  a  candidate,  even  though  their  uncer¬ 
tainty  ranges  overlap.  For  that  reason  B  will  be  retained, 
because  it  is  not  considered  a  duplicate  signal.  In  the  next 
step,  a  decision  is  made  about  which  candidate  signal,  A 
or  C,  to  keep.  The  most  accurate  signal,  C  in  this  case, 
will  be  kept  because  it  has  a  smaller  frequency  uncer¬ 
tainty  associated  with  it.  If  two  candidates  have  identical 
frequency  uncertainties,  the  reference  signal  will  be  kept. 
It  should  be  noted  that  the  order  of  the  comparison  is 
very  important  because  the  results  may  differ.  If  signal  B 
is  chosen  as  a  reference,  neither  signal  A's  nor  C's  nomi¬ 
nal  frequency  lays  within  B's  uncertainty  range.  There¬ 
fore,  no  candidates  are  identified  and  all  three  signals  are 
retained.  The  signal  matching  algorithm  applies  the  fre- 
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tical  amplitudes,  the  amplitude  variation  is  used  to  deter¬ 
mine  the  resultant  signal.  In  this  case,  the  candidate  with 
the  highest  amplitude  will  be  used. 


quency  uncertainty  criterion  first,  then  uses  the  amplitude 
variation  for  further  identification. 
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Figure  4:  Amplitude  variance  specification 


In  Figure  4,  the  use  of  the  amplitude  variance  is  shown. 
The  nominal  frequencies  of  signals  B  and  C  are  assumed 
to  lie  within  the  frequency  uncertainty  of  reference  signal 
A,  and  all  three  signals  have  the  same  frequency  uncer¬ 
tainty  but  different  amplitudes.  The  frequency  uncer¬ 
tainty  check  determines  that  all  three  signals  are 
candidates.  The  amplitude  variance  specification  is  ap¬ 
plied  to  determine  which  signals  to  discard.  Since  signal 
B's  amplitude  is  within  the  amplitude  variation  range  of 
reference  signal  A,  they  are  identified  as  candidates.  The 
matching  algorithm  retains  the  signal  with  the  higher 
amplitude,  in  this  case  signal  B.  If  candidates  have  iden¬ 
tical  amplitudes,  the  reference  signal  will  be  kept.  The 
amplitude  of  signal  C  is  considerably  lower  and  does  not 
lie  within  the  amplitude  variation  window.  Therefore, 
signal  C  will  be  stored  as  a  separate  signal.  In  general, 
the  most  accurate  signal  with  the  lowest  frequency  uncer¬ 
tainty  will  be  retained.  If  the  candidate  signals  have  iden- 


/Vrplitude 

Variaroe 


Frequency  Uncertainty 


If  multiple  signals  are  contained  within  the  uncertainty 
window  of  the  reference  signal,  as  shown  in  Figure  5,  a 
determination  of  the  candidate  closest  to  the  reference 
has  to  be  made.  Each  distance  between  the  reference  and 
all  other  signals  is  calculated  and  the  candidate  with  the 
shortest  distance  is  retained.  All  other  signals  in  the  un¬ 
certainty  window  will  be  discarded  and  not  used  by  the 
matching  algorithm.  In  Figure  5,  signal  C  and  the  refer¬ 
ence  will  be  kept  and  the  algorithms  described  above  are 
applied  to  these  two  signals  only. 


4.  Summary 

List-based  EMI  software  packages  offer  distinct  ad¬ 
vantages  over  trace-based  products.  Signal  lists  provide 
powerful  comparison,  selection,  and  sorting  processes 
needed  to  complete  many  different  tasks.  For  example, 
discrimination  between  ambient  signals  and  EUT  emis¬ 
sions  is  greatly  simplified  by  comparing  two  lists  con¬ 
taining  the  appropriate  information.  Sorting  signals  in  a 
list  by  turntable  angle  instead  of  frequency  can  consider¬ 
ably  speed  up  an  interactive  maximization  process.  The 
discernment  of  signals  in  EMI  receiver  traces  requires  a 
powerful  algorithm,  which  must  be  flexible  enough  to 
accommodate  different  measurement  needs  and  test  envi¬ 
ronments.  Signal  matching,  a  fundamental  capability 
necessary  for  list  comparisons,  must  take  different  attrib¬ 
utes  of  signals  into  account  when  attempting  to  identify 
duplicate  emissions.  A  software  product  can  perform 
these  tasks,  but  the  selection  of  key  parameters  used  by 
these  algorithms  has  to  be  made  by  the  user. 
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A  new  method  is  proposed  for  determining  the  emissions 
from  small-sized  devices  (sources  of  interference).  In 
the  method  use  is  made  of  an  array  of  three 
orthogonally  arranged  double-loaded  loop  antennas,  at 
frequencies  above  30  MHz.  With  the  measured  values  of 
the  currents  flowing  across  each  load  it  is  possible  to 
determine  the  parameters  of  the  source  (equivalent 
electric  and  magnetic  dipole  moments)  placed  in  the 
centre  of  the  measuring  system.  Knowing  the 
parameters  of  the  source,  we  can  determine  the 
radiation  pattern  for  the  device  under  test  in  an 
arbitrary  environment. 

l.  Introduction 

In  the  past  few  years,  more  and  more  interest  has 
been  focused  on  the  problem  of  how  to  reduce  unwanted 
emissions  of  electromagnetic  fields  from  electric  and 
electronic  devices.  This  is  a  key  problem  not  only  in 
electromagnetic  compatibility,  but  also  in  transmitting  or 
processing  top  secret  information.  To  reduce  unwanted 
emission  it  is  necessary  to  perform  reliable 
measurements  with  adequate  methods. 

For  preliminary  emission  measurement,  alternative 
methods  to  those  being  used  in  open  area  test  site 
(OATS)  measurements  seem  to  be  best  situated.  They 
consist  in  determining  the  parameters  of  the  radiation 
sources  for  the  device  under  test  (DUT)  instead  of 
measuring  the  strength  of  the  radiated  electromagnetic 
field.  An  electrically  small  source  of  interference  can  be 
described  in  terms  of  equivalent  dipoles  -  an  electric 
dipole  of  moment  (  p)  and  a  magnetic  dipole  of  moment 
(m)  [1],  Once  the  moments  of  the  equivalent  dipoles 
have  been  determined,  it  is  possible  to  establish  the 
radiation  pattern  of  the  DUT  in  an  arbitrary 
environment.  In  some  instances,  these  may  be  measuring 
conditions  resembling  those  of  an  open-area  test  site. 

There  are  three  alternative  methods  of  emission 
measurement  -  the  one  involving  an  array  of  three 
double-loaded  loop  antennas  arranged  perpendicularly 
to  one  another,  the  TEM  cell  technique  and  the  GTEM 


cell  approach.  The  array  of  three  loops,  arranged 
orthogonally  to  one  another  (CISPR  15),  which  enables 
determination  of  the  magnetic  field  strength 
components,  has  found  wide  acceptance  in  engineering. 
It  makes  use  of  transfer  function  relating  the  currents 
across  each  load  to  the  components  of  electromagnetic 
field  strength.  The  method  proposed  by  Kanda  and  Hill 
[2]  involves  an  array  of  three  double-loaded  loops  with 
orthogonal  arrangement  to  determine  the  moments  of 
equivalent  dipoles,  both  electric  and  magnetic. 
However,  because  of  the  adopted  simplifications,  the 
method  does  not  work  with  frequencies  higher  than  30 
MHz.  In  our  study  ,  those  simplifications  were  modified 
to  make  the  technique  workable  at  higher  frequencies  as 
well. 

2.  Current  in  the  loop  antenna 

To  determine  the  function  that  relates  the 
components  of  the  equivalent  electric  dipole  moment 
and  the  equivalent  magnetic  dipole  moment  to  the 
currents  across  the  loads  of  double-loaded  loop  antennas 
it  is  sufficient  to  consider  one  out  of  the  three  antennas 
belonging  to  the  array  and  to  generalize  the  results  onto 
the  remaining  two. 

Let  us  now  consider  a  loop  antenna  of  a  radius 
b.  The  antenna  lies  on  a  plane  xy,  and  has  been  situated 
so  that  its  centre  coincides  with  origin  of  the  co-ordinate 
system  xyz  (Fig.  1).  The  antenna  is  loaded  with  two 
identical  impedances  ZL  at  two  opposite  points:  ( tp  =  0 ) 
and  ( cp  =  7t ) 

The  DUT  introduced  into  the  centre  of  the 
antenna  can  be  substituted  by  an  equivalent  electric 
dipole  of  a  moment  (p )  and  by  an  equivalent  magnetic 

dipole  of  a  moment  (m).  For  a  Cartesian  co-ordinate 
system  the  two  moments  take  the  form: 

P-LPx  +\Py  +XPzx  (1) 

m=Txmx +Tymy +TzmM  (2) 
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where:  lx ,  ly ,  lz  are  unit  vectors.  The  time  dependence 
ejmt  is  suppressed. 


Fig.  1 .  Double-loaded  loop  antenna  with  indicated 
moments  of  equivalent  electric  dipole  and 
equivalent  magnetic  dipole 


The  electric  field  component  (tangential  to  the  surface 
of  the  loop  antenna),  induced  by  the  equivalent  electric 
dipole  and  by  the  equivalent  magnetic  dipole,  is 
described  by  following  relation: 

E'(b,<p)  =  A0+A,cos(p+B,sin(p  (3) 

where 

A„  =  mzgm,  A,  =  pyge,  B,  =  ~pxge  ,  (4) 


where  I(n)  is  the  coefficient  of  Fourier  series  expansion 
for  the  current  flowing  in  the  antenna;  E'b  (n)  denotes 
the  coefficient  of  Fourier  series  expansion  for  the 
electric  field  component  (tangential  to  the  surface  of  the 
antenna  wire)  induced  by  both  equivalent  electric  and 
equivalent  magnetic  dipoles;  a  stands  for  the  radius  of 
the  cross-section  of  the  wire  of  which  the  antenna  has 
been  made;  b  represents  the  radius  of  the  antenna, 
and  5((p)  is  Dirac  delta  function. 


Solving  equation  (8)  with  respect  to  i(n)  and 
incorporating  the  expression  obtained  for  the  coefficient 
l(n)  into: 

I(<P)=  Xl(n)e'jn<p  (12) 

we  derive  the  relation  describing  the  current  flowing  in 
the  antenna,  which  takes  the  form 

00  p-jn<P 

I((P)=  X-7rf27tbEUn)-I(0)Z,-IW2:iei")l  (13) 

Substituting  argument  ( cp )  by  the  values  of  the  angles 
which  describe  the  positions  of  the  antenna  loads,  we 
obtain  a  set  of  equations.  Their  solutions  with  respect  to 
1(0)  and  I(7U)  lead  to  the  equations  that  define  the 
currents  flowing  across  the  antenna  loads.  Hence,  we 
have 


4ti  [  kb  (k  •  b)2  J  b 

If  we  make  use  of  the  boundary  condition  for  the 
components  of  the  electric  field  tangential  to  the  surface 
of  the  wire  of  which  the  antenna  has  been  made: 

E'  (b,<p)  +  E(b,  cp)  =  0  ,  (7) 

where  E'(b,<p)  denotes  the  electric  field  component 
induced  by  the  equivalent  electric  dipole  and  by  the 
equivalent  magnetic  dipole,  and  E(b,(p)  is  the  electric 
field  component  induced  by  the  current  flowing  in  the 
antenna,  than  we  can  write  [3]: 

v  ns  I/-„S  LC'  /-„\1  „-jn<P  _ 


'  a(n)  •  l(n)  -  bEJ,  (n)J  •  e“jn<p  = 

=  -ZLI(0)8(«p)  -  ZlI(ti)8(9  -  Ji) 


a(n)  =  a(-n)  =  [p(n  + 1)  +  ji(n  - 1)]  -  ~fi(n)  (9) 
2  kb 

H(n)  =  p(-n)  =  - ej  n  dcp  (10) 


2rrb  nygm  |  2py-ge 

jrcg  [a(0)-(l  +  2-  Y0  ZL)  a(l)  (l  +  2  Y,  ZL) 

(14) 


1(n)  2nb  mz  gm 

jnq  |_a(0)-(l  +  2Y0  Z,  ) 


where 


2Py  8e 

a(l)(l  +  2Y,-ZL)_ 
(15) 


Y0 


1  f  1  y  1 

jnq  a(0)  a(2n)_ 


(16) 


a(2n- 1) 


(17) 


The  admittances  Y0  and  Y,  incorporated  in  the  relations 
of  (14)  and  (15)  represent  the  admittances  for  magnetic 
and  electric  field,  respectively.  They  can  be  calculated 
in  terms  of  (16)  and  (17).  For  antennas  which  are  small 
in  size  as  compared  to  the  wavelength  of  the 
electromagnetic  field  radiated  by  the  DUT  (and  this 
condition  is  fulfilled  in  the  frequency  range  of  up  to  30 
MHz),  it  is  possible  to  confine  oneself  to  the  initial 
terms  of  the  Fourier  series  incorporated  in  the  relation  of 
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(16)  and  (17).  Because  of  the  potentiality  for  promoting 
considerable  errors,  it  is  not  advisable  to  make  use  of 
such  simplifications  when  frequencies  higher  than  30 
MHz  are  involved. 


3.  Transfer  function 


Addition  of  the  currents  flowing  across  the  two  antenna 
loads  situated  at  two  opposite  points  (cp  =  0)  and 
( cp  =  it  )  gives  the  resultant  current  Is,  which  depends 
only  on  the  component  of  the  equivalent  magnetic 
dipole  moment  mz  (perpendicular  to  the  surface  of  the 
antenna): 


1 ,  =  4  -  n  ■  b  ■ 


g„ 


j  •  7t  q  ■  a(0)  ■  (l  +  2  Y()  •  Z L ) 


(18) 


Subtraction  of  the  currents  flowing  across  the  two 
antenna  loads  yields  the  current  Id,  which  depends  only 
on  the  component  of  the  equivalent  electric  dipole 
moment  py  (tangential  to  the  surface  of  the  antenna  and 
perpendicular  to  the  line  passing  through  the  antenna 
loads): 


L  =4-7t-b- 


2  Py  'go 


j-7t  q  a(l)  (l  +  2-Y,  -  ZL) 


(19) 


Thus,  knowing  the  sum  and  difference  of  the  currents 
across  the  antenna  loads  it  is  possible  to  determine  the 
components  of  the  equivalent  magnetic  dipole  moment 
and  of  the  equivalent  electric  dipole  moment.  Hence  we 
can  write 


j  rt  q-a(0)  l,  (l  +  2  Yo-ZL) 
4't'b'g, 


(20) 


j-7t-q-a(l)-I„  -(1  +  2-Y, -Z,.) 

Py  = - 3 - r -  (2*) 

8  •  7t  •  b  ■  gc 

The  remaining  components  (  ms ,  m v , px ,  p7 )  of  the 

equivalent  magnetic  dipole  moment  and  of  the 
equivalent  electric  dipole  moment  can  be  determined  by 
an  array  (instead  of  one  double-loaded  loop)  involving 
three  loop  antennas  arranged  perpendicularly  to  one 
another. 

For  the  loop  antenna  situated  in  the  xz  plane  we 
can  establish  the  components  mv  and  px ,  whereas  for 

the  one  situated  in  the  yz  plane  the  components  mx  and 
p, .  It  is  convenient  to  re-write  the  relations  of  (20)  and 
(21)  in  the  following  form: 

m  z  “  Fm  ■  1  s 

Pv=fV<d 

where 

_  j-Jt-q  a(0)  (l+2  Yn  ZL) 


(22) 

(23) 

(24) 


j-7t  q  a(l)  (l  +  2- Y,  -ZL) 
8-7t-bge 


(25) 


The  relation  of  (24)  is  a  transfer  function  which 
relates  the  component  of  the  equivalent  magnetic  dipole 
moment  (norma!  to  the  surface  of  the  antenna)  to  the 
sum  of  the  currents  across  the  two  loads.  The  relation  of 
(25)  is  a  transfer  function  which  relates  the  component 
of  the  equivalent  electric  dipole  moment  (tangential  to 
the  surface  of  the  antenna  and  perpendicular  to  the  line 
passing  across  the  loads  of  the  antenna)  to  the  difference 
of  the  currents  across  the  two  loads. 

Assuming  that  the  effect  of  the  DUT  size  on  the 
input  impedance  of  the  antenna  is  negligibly  small,  it 
may  be  anticipated  that  the  functions  Fm  and  Fe  depend 
only  on  the  geometry  of  the  antenna,  as  well  as  on  the 
values  of  impedance  ZL  and  frequency.  It  should  be 
noted  that  if  we  determine  the  admittances  Y0  and  Y,, 

the  number  of  elements  in  the  series  must  fulfil  the 
condition 

n  >  k  -  b  .  (26) 

If  the  condition  of  (26)  is  satisfied,  the  determination  of 
the  admittances  Y0  and  Y,  for  each  frequency  will  be 
correct.  Thus,  during  measurements,  it  is  possible  to 
make  use  of  transfer  function  calculated  only  one. 
Figures  2  and  3  shows  examples  of  transfer  functions 
calculated  for  double-loaded  loop  antenna  with 
impedances  ZL=50  Cl.  The  antenna  had  a  diameter  2m. 
and  a  cross-section  radius  a  =  0.01  m.  The  transfer 
function  can  be  determined  experimentally  by 
introducing  into  the  measuring  volume  an  electrically 
small  loop  antenna  of  a  known  magnetic  dipole  moment 
and  by  measuring  the  currents  in  individual  antennas  or 
the  voltages  across  the  loads.  The  procedure  is  repeated 
for  an  electrically  small  linear  antenna  of  a  known 
electric  dipole  moment. 


Fig.  2.  Modules  of  functions  Fm  and  Fe  in  frequency 
domain 


4-7tbg 
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Fig.  3.  Arguments  of  functions  Fm  and  Fe  in  frequency 
domain 


The  values  of  the  loading  impedance  ZL  exerts  an 
influence  on  the  transfer  functions  Fm  and  Fe  and, 
consequently,  on  the  sensitivity  of  the  loop  antenna  to 
the  field  induced  by  the  equivalent  electric  dipole  and  by 
the  equivalent  magnetic  dipole.  This  influence  is  shown 
in  Figs.  4  -r  7.  The  choice  of  the  Z|.  value  is  a  kind  of 
compromise,  but  in  most  instances  the  value  of  ZL 
corresponds  with  that  of  the  input  impedance  for  the 
measuring  circuit. 


Fig.  4.  Modules  of  functions  Fm  and  Fe  versus 
impedance  Z\  (for  frequency  20  MHz) 


Fig.  5.  Arguments  of  functions  Fm  and  Fe  versus 
impedance  ZL  (for  frequency  20  MHz) 


Fig.  6.  Modules  of  functions  Fm  and  Fe  versus 
impedance  ZL  (for  frequency  100  MHz) 


Fig.  7.  Arguments  of  functions  Fm  and  Fe  versus 
impedance  ZL  (for  frequency  100  MHz) 

If  the  components  of  the  equivalent  electric  dipole 
moment  and  equivalent  magnetic  dipole  moment  are 
known,  we  can  determine  complete  radiation  patterns  of 
the  DUTs  in  an  arbitrary  environment. 

4.  Measuring  set-up 

A  measuring  set-up  involving  three  circular, 
double-loaded  loop  antennas  arranged  orthogonally  to 
one  another  has  the  inherent  advantage  of  providing 
appropriate  conditions  for  the  measurement  of  an 
electromagnetic  field  induced  by  equivalent  electric  and 
magnetic  dipoles,  and  -  consequently  -  for  the 
determination  of  their  moments. 

On  placing  the  DUT  in  the  measuring  volume 
of  the  set-up,  we  determine  the  components  of  the 
equivalent  magnetic  and  equivalent  electric  dipole 
moments  by  making  use  of  the  following:  the  transfer 
functions  presented  earlier,  as  well  as  the  measured 
sums  and  differences  of  the  currents  across  the  loads  of 
the  three  loop  antennas.  To  determine  the  parameters  of 
the  radiation  source  we  can  also  use  the  values  of  the 
voltages  across  the  antenna  loads. 
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Fig.  8.  Example  of  a  set-up  using  an  array  of  three 
double-loaded  loop  antennas  arranged  orthogonally  to 
one  another  to  enable  measurement  of  the  radiated 
electromagnetic  field 

Figure  8  shows  a  set-up  which  measures  the 
emission  produced  by  electric  and  electronic  devices. 
The  set-up  consist  of  three  loop  antennas  arranged 
perpendicularly  to  one  another,  so  there  is  no  need  to 
revolve  it  in  order  to  measure  all  the  parameters  of  the 
radiation  source.  The  feeding  wires  remain  in  one  place 
and  do  not  change  the  values  of  the  components  of  the 
measured  magnetic  and  electric  dipole  moments.  To 
eliminate  propagation  of  errors  by  the  measured  values 
(which  is  due  to  the  influence  of  the  electromagnetic 
field  induced  by  the  DUT  on  the  measuring  cables)  it  is 
advisable  to  use  fibre  optic  links. 

There  are  two  variation  of  the  measuring  set-up.  In 
one  of  them  the  information  about  the  current  across  the 
loads  is  sent  to  the  system  of  signal  summation  and 
subtraction  (placed  far  away  from  measuring  set)  via 
fibre  optic  links.  In  the  other  one  the  signal  summation 
and  subtraction  system  is  an  integral  part  of  the  loop 
antenna  array.  Information  about  the  sum  and  difference 
of  the  currents  or  voltages  across  the  loads  is  passed 
through  the  fibre  optic  links.  Relevant  signals  (measured 
at  the  output  of  the  system  with  EMI  receiver  or  a 
spectrum  analyzer)  make  it  possible  to  determine  the 
components  of  the  equivalent  magnetic  and  equivalent 
electric  dipole  moments.  To  determine  the  emission  of 
the  DUT  in  an  arbitrary  environment  numerical 
calculations  are  carried  out,  using  an  equivalent  model 
describing  the  radiation  of  the  DUT. 

Under  the  Project  financed  by  the  Committee  for 
Scientific  Research,  a  new  set-up  is  being  constructed, 
which  will  be  used  for  the  verification  of  the  method 
proposed. 

5.  Summary 

Measuring  set-ups  involving  alternative  methods 
for  determining  emission  from  electric  and  electronic 
devices  have  found  wide  acceptance  in  the  past  few 
years.  Compared  to  open  area  test  site  method,  they  are 
more  cost-effective.  Another  advantage  of  the  measuring 
set-up  presented  here  is  the  potentiality  for  determining 
the  emission  from  the  DUT  in  an  arbitrary  environment 
on  the  basis  of  a  defined  equivalent  radiation  model. 


Such  an  analysis  can  be  carried  out  with  no  additional 
measurements.  Like  TEM  or  GTEM  cells,  the  array  of 
three  double-loaded  loop  antennas  arranged 
perpendicularly  to  one  another  may  be  of  utility  in 
preliminary  measurements  of  the  emission.  Even 
through  the  method  proposed  has  not  been  verified,  it 
can  be  anticipated  that  the  results  obtained  via  this  route 
will  propagate  smaller  errors  than  the  other  available 
methods.  In  our  method  the  frequency  range  is  smaller 
than  in  the  GTEM  cell  approach,  but  it  may  be  expected 
that  our  method  will  apply  to  frequencies  much  higher 
than  30  MHz. 

Despite  their  unquestionable  advantages,  the  set¬ 
ups  using  alternative  methods  do  not  allow  emission 
measurements  for  very  electric  or  electronic  devices  - 
unlike  the  measurements  in  OATS  which  do.  For  this 
reason  it  is  advisable  to  equip  EMC  laboratories  with 
standard  measuring  set-ups  as  well. 
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Radio  transmitter  emissions  that  have  intensity 
variations  in  audio  frequencies  cause  interference  on 
sensitive  electronic  equipment.  Hearing  aid  user 
complaints  caused  by  this  kind  of  interference  were 
increased  by  the  introduction  of  digital  mobile  phones 
in  recent  years.  In  order  to  understand  this  interaction, 
the  electromagnetic  compatibility  of  16  different 
hearing  aid  types  was  measured  for  high-frequency 
electromagnetic  fields,  particularly  for  those  emitted  by 
digital  mobile  phones.  An  automated  PC-controlled  test 
setup  was  developed  for  testing.  The  setup  consisted  of 
a  GTEM  cell  where  high  frequency  fields  were 
generated.  Draft  version  of  IEC  118-13  standard  was 
utilized  as  a  basis  for  the  test  methodology.  All  of  the 
hearing  aids  showed  susceptibility  to  some  degree.  Six 
of  the  hearing  aids  were  found  to  produce  levels  above 
the  level  proposed  by  the  standard.  Additionally, 
increasing  levels  of  the  electric  field  strength  were 
found  to  cause  a  quadratic  increase  in  sound  pressure 
levels  produced  at  the  hearing  aid  output. 

1 .  INTRODUCTION 

Digital  mobile  phones,  also  known  as  cellular 
phones,  were  introduced  to  the  public  use  only  about  ten 
years  ago  but  their  commercial  and  social  benefits  have 
quickly  caused  them  to  be  accepted  as  an  indispensable 
adjunct  to  modem  life.  However,  digital  mobile  phones, 
with  their  portability  and  pulsed  transmissions,  have 
created  a  new  class  of  interference  issues.  This 
interference  typically  presents  itself  as  a  buzz  in  the 
effected  audio  electronic  equipment  especially  when  the 
intensity  of  the  radio  wave  transmitted  from  the  digital 


phone  varies  at  an  audible  rate.  Interference  to  other 
equipment  is  also  possible. 

In  the  digital  system  known  as  GSM  (Global  System 
for  Mobile  communications)  which  is  used  widely  in 
many  European  countries  the  voice  information  is 
digitally  encoded.  The  GSM  phones  transmit  to  the  base 
station  in  the  frequency  band  890  to  915  MHz.  There 
are  a  number  of  power  ranges  for  the  GSM  system,  but 
for  the  handheld  mobile  phones  only  0.8  and  2.0  W  peak 
power  levels  are  available.  The  GSM  transmission  is 
pulsed  with  a  repetition  frequency  of  approximately  217 
Hz  and  a  pulse  width  of  approximately  0.6  ms.  This  has 
several  advantages,  one  of  which  is  the  instantaneous 
transmitted  power  can  be  greater,  giving  better 
reception,  although  the  average  power  is  still  low 
enough  to  conserve  battery  life.  Unfortunately,  the  level 
of  electromagnetic  interference  (EMI)  depends  on  the 
instantaneous  power  and  engineers  would  therefore 
intuitively  expect  more  interference  problems  from 
digital  phones  than  with  analogue  phones. 

Hence,  the  interference  problem  with  hearing  aids  is 
due  to  the  essential  nature  of  the  pulsed  emissions  from 
the  GSM  transmitter,  and  is  not  an  incident  by-product 
which  might,  for  example,  be  solved  by  improved 
shielding  of  the  digital  phones. 

This  study  involves  an  objective  approach  to  the 
hearing  aid  -  digital  mobile  phone  interaction  problem 
with  appropriate  test  methodology  and  setup. 

2.  HEARING  AID  SELECTION 

In  order  to  understand  the  interaction  between 
hearing  aids  and  digital  mobile  phones,  tests  were 
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performed  on  16  Behind-the-Ear  (BTE)  hearing  aids 
from  7  different  producers.  There  are  approximately  15 
brand  names  in  hearing  aid  market  of  Turkey  and  16 
hearing  aids  which  are  selected  include  most  widely 
used  types.  Hearing  aids  tested  cover  a  range  of 
electroacoustical  characteristics  as  shown  in  Table  1. 
Note  that  SPL  represents  the  sound  pressure  level  in  dB 
with  reference  to  20p  Pascal. 


Table  1 .  Hearing  aids  tested  for  immunity. 


HA 

Frequency  Range 

Max.  Output 

Gain  at  1  kHz 

No 

(Hz) 

(dB  SPL) 

(dB  SPL)  * 

1 

110-4800 

133 

68/57 

2 

270  -  5800 

126 

48/38 

3 

120-4500 

140 

73/56 

4 

320  -4800 

137 

57/50 

5 

125  -4300 

140 

56/51 

6 

300  -  5700 

122 

56/41 

7 

150  -5000 

140 

62/53 

8 

150  -  5000 

134 

56/50 

9 

200  -  6200 

132 

55/50 

10 

225  -  6000 

133 

51/33 

n 

215  -4300 

133 

47/37 

12 

75  -4800 

139 

55/39 

13 

325  -  6000 

126 

33/27 

14 

900-7100 

134 

45/39 

15 

50  -  6200 

129 

49/46 

16 

110  -4800 

133 

57/51 

*  Left-hand  side  gives  the  acoustic  gain  measured  with 
25mm  tubing  length  whereas  right-hand  side  gives  that 
measured  with  500  mm  tubing  length. 


3.  TEST  ENVIRONMENT  AND  SETUP 

In  order  to  measure  immunity  of  hearing  aids,  tests 
have  to  be  carried  out  in  an  RF  controlled  environment. 
The  hearing  aid  must  be  isolated  from  other  sources  of 
interference  and  exposed  to  only  one  type  of  source  that 
is  of  interest. 

Using  standard  digital  wireless  telephone  as  an  RF 
source  is  not  feasible  due  to  reflections,  telephone  power 
switching,  variation  in  carrier  frequency,  etc.  Instead, 
simulating  the  emissions  using  a  RF  signal  source  and 
generating  it  inside  a  GTEM  cell  is  preferred.  A  GTEM 
cell  associated  with  proper  RF  signal  source  is  a  suitable 
platform  to  perform  the  tests. 

In  order  to  apply  specific  field  strength  levels  on  the 
hearing  aids,  a  closed  loop  control  system  is  used.  The 
applied  power  is  controlled  through  a  power  meter  to 
obtain  and  maintain  a  specific  field  strength  along  the 
frequency  range. 

Generating  a  specific  electromagnetic  (EM)  field  in 
a  controlled  area  is  one  end  of  the  immunity  test  setup. 
At  the  other  end  lies  the  acquisition  of  data  at  the 
hearing  aid  output  as  a  result  of  electromagnetic  field 
exposure.  In  this  part  of  the  setup  acoustic  output  is 
measured  and  recorded.  The  first  element  of  this  end  is  a 
500  mm  long  plastic  tubing  of  2  mm  inner  diameter  that 
is  connected  to  the  horn  of  a  BTE  type  hearing  aid  under 
test.  This  tubing  extends  till  it  connects  to  the  2  cc 
coupler  which  is  a  standard  device  used  in  hearing  aid 


testing  for  simulating  the  ear  cavity  [1,2].  Since  the 
coupler  and  the  microphone  are  metallic  and  can  distort 
the  electromagnetic  field  around  the  hearing  aid,  both 
must  be  kept  at  a  distance  from  the  hearing  aid.  Keeping 
the  microphone  away  from  the  test  space  is  furthermore 
beneficial  since  the  microphone  itself  can  also  be 
affected  from  the  field.  That  is  why  we  use  a  tubing  of 
such  length,  i.e.  500  mm  instead  of  conventional  25  mm 
used  hearing  aid  testing.  The  plastic  tubing  is  taken 
outside  the  test  area  through  the  honeycomb  waveguides 
installed  for  ventilation  purposes  under  GTEM.  This 
resulted  in  the  shift  of  test  volume  nearer  to  the  input 
port  and  new  calculation  for  the  electric  field  generated 
since  the  septum  height  is  changed. 

Microphone  precedes  its  preamplifier  and  both  are 
connected  to  their  power  supply  which  also  acts  as  a 
signal  output  port  of  the  microphone-preamplifier 
system.  The  signal  output  is  then  connected  to  a  lock-in 
amplifier  in  order  to  measure  the  sound  pressure  levels 
and  to  an  oscilloscope  to  monitor  the  interference  signal, 
lock-in  amplifiers  need  an  internal  or  an  external 
reference  frequency  and  they  measure  the  component  of 
the  input  signal  only  at  that  specific  reference  frequency. 
This  reference  frequency  (i.e.  1  kHz)  is  provided  by  the 
signal  generator  which  also  uses  this  1  kHz  frequency  as 
a  modulation  frequency  of  its  carrier  wave.  The  data 
obtained  from  the  lock-in  amplifier  are  read  by  the 
computer  via  GPIB  and  saved  to  analyze  them  later. 

Generation  of  field  with  specific  characteristics  using 
signal  generator  and  power  meter  and  acquisition  of 
interference  data  from  the  lock-in  amplifier  are  both  are 
automatically  controlled  by  means  of  a  program 
developed  for  this  study.  The  software  has  a  user 
interface  for  appropriately  setting  of  the  test  parameters, 
starting  the  measurment  and  saving  the  data  after 
measurement.  Equipment  used  in  the  experiment  is 
listed  in  Table  2  and  a  schematic  of  the  test  setup  is 
illustrated  in  Figure  1 . 

4.  TEST  PROCEDURE 

There  are  two  types  of  tests  performed  on  hearing 
aids.  The  first  test  is  based  on  draft  version  of  IEC  118- 
13  where  hearing  aids  are  exposed  to  a  constant  field 
level  in  800-960  MHz  range.  However,  the  method 
followed  in  this  study  has  a  few  differences.  The  second 
test  involves  exposure  of  hearing  aids  to  increasing 
levels  of  EM  field  at  a  constant  carrier  frequency. 

As  a  first  step  in  the  first  test,  gain  of  hearing  aid  at  1 
kHz  is  measured  according  to  IEC  1 18-7.  The  same  500 
mm  tubing  is  used  for  comparability  of  the 
meaurements.  Hearing  aid  under  test  is  placed  on  the 
test  platform  inside  GTEM.  Every  hearing  aid  is  tested 
for  4  orientations  in  the  horizontal  plane  (with  90 
degrees  separation)  and  1  orientation  in  the  vertical 
plane.  Input  of  the  hearing  aid  is  adjusted  to 
microphone,  telecoil  or  MT.  In  the  user  interface  of  the 
software,  frequency  range  of  the  EM  field  and  step  size 
is  determined.  Also  parameters  of  the  hearing  aids 
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Figure  1.  Experimental  setup  for  immunity  testing  of  hearing  aids. 


Table  2.  Equipment  used  in  testing. 


Equipment 

Manufacturer  /  Model 

GTEM  cel! 

Messelektronik  Berlin  /  1750 

Signal  Generator 

Rohde  &  Schwarz  /  SMY  01 

Power  Amplifier 

Amplifier  Research  /  50W1000A 

Power  Meter 

Rohde  &  Schwarz  /  NRVS 

Directional  Coupler 

Messelektronik  Berlin  /  RK  100 

Acoustic  2-cc  Coupler 

According  to  IEC  126 

Microphone 

BrQel  &  Kjaer/  4134 

Mic.  Preamplifier 

Briiel  &  Kjaer  /  2639 

Mic.  Power  Supply 

Brilel  &  Kjaer  /  2804 

Lock-In  Amplifier 

Stanford  Research  Sys.  /  SR  850 

Oscilloscope 

Hewlett-Packard  /  54615  B 

Computer 

Tulip  /  Pentium  100 

GP1B  card 

National  Instruments  /  AT-TNT+ 

Software 

National  Inst./LabWindowsCVI 

specific  to  that  test  are  given  for  data  recording.  EM 
field  applied  is  80%  AM  modulated  at  1  kHz  in  the  800- 
960  MHz  range  with  at  most  16  MHz  steps.  IEC  118-13 
draft  [3]  proposes  a  3  V/m  (unmodulated  carrier)  field 
level  for  bystander  situation  where  hearing  aid  user  is 
supposed  to  be  2  m  away  from  the  interference  source. 
However,  we  applied  6  V/m  as  a  standard  level  since 
our  first  attempts  at  lower  levels  did  not  create 
measurable  interference.  (Yet,  this  does  not  turn  out  to 
be  a  problem  since  we  also  performed  the  second  test 
where  we  investigated  the  dependence  of  interference  on 
the  magnitude  of  the  EM  field  level  applied).  In  order  to 
determine  the  electromagnetic  compatibility  of  hearing 
aids  with  digital  mobile  phones  “Input  Related 
Interference  Level  (IRIL)”  is  used  as  a  performance 


criterion.  IRIL  is  found  by  subtracting  the  acoustic  gain 
of  the  hearing  aid  at  1  kHz  from  the  interference  levels 
produced  at  the  hearing  aid  output  because  of  AM 
modulated  (80%  at  1  kHz)  EM  field  exposure. 
Decreasing  values  of  IRIL  indicate  increasing  immunity. 
IEC  118-13  imposes  a  maximum  of  55  dB  SPL  IRIL 
under  3  V/m. 

5.  TEST  RESULTS 

Sixteen  hearing  aids  were  tested  for  5  orientations 
and  2  input  positions  (or  3  for  those  having  MT  input 
also)  under  6  V/m  field  level.  As  a  sample  graph,  Figure 
2  shows  the  interference  levels  produced  in  one  hearing 
aid  (HA4)  along  800-960  MHz  range.  Note  that 
negative  IRIL  values  in  some  orientations  refer  to 
interference  levels  less  than  the  gain  of  the  hearing  aid. 

The  results  for  6  V/m  test  level  can  be  summarized 
as  follows: 

•  Output  related  interference  levels  up  to  140  dB  SPL 
were  created  by  just  exposing  the  hearing  aid  to 
electromagnetic  fields  and  without  any  sound  input. 

•  Of  all  the  5  orientations  tested,  vertical  orientation 
resulted  in  highest  interference  levels  for  each 
hearing  aid  with  a  few  exceptional  cases. 

•  90°  and  270°  orientations  on  the  horizontal  plane 
produced  lowest  interference  levels  and  were  often 
near  the  noise  level. 

•  Interference  levels  produced  at  horizontal  0°  and 
180°  orientations  were  correlatable  in  many 
instances.  The  response  of  the  hearing  aid  at  these 
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orientations  were  nearly  the  same  only  with  a  shift  of 
a  few  dB  SPLs  along  the  800-960  MHz  range. 

•  Microphone  input  generally  produced  higher 
interference  levels  than  the  telecoil  input.  But  for  the 
hearing  aids  with  MT  input  also,  microphone  input 
showed  up  lower  levels  than  the  telecoil  and  MT 
inputs. 

•  Mini  type  hearing  aids  showed  lowest  interference 
levels  with  one  exception. 


The  second  test  involved  testing  of  hearing  aids  at  a 
specific  carrier  frequency  but  exposing  them  to 
increasing  field  levels.  Figure  3  illustrates  a  typical 


Figure  2.  Interference  levels  measured  at  HA4  output 
when  exposed  to  6  V/m  field  level  for  (a)  microphone 
and  (b)  telecoil  position. 

(x*x*-VerticaI  ****  Horz.  0  deg  ttttt  Horz.  90  deg 

*+++  Horz.  1 80  deg  eeee  Horz.  270  deg  ) 


relationship  between  field  strength  and  interference  level 
for  one  hearing  aid  (HA1).  Note  that  this  time  we  have 
expressed  the  electric  field  strength  in  dB  with  reference 
to  1  V/m. 

Figure  3  implies  a  linear  relationship  between  the 
applied  field  strength  and  hearing  aid  output.  The  slope 
of  the  line  is  2,  i.e.  every  1  dB  increase  in  the  field  level 
corresponds  to  2  dB  increase  in  interference  level 
provided  that  hearing  aid  output  is  not  masked  by  the 
noise  level  or  is  not  saturated.  This  holds  for  frequencies 
other  than  900  MHz  also.  These  results  are  consistent 
with  previous  studies  [4,5,6]. 

Thus  we  can  make  an  interpolation  to  3  V/m  field 
level  from  6  V/m  after  expressing  both  in  dB  units. 
Halving  the  field  level  corresponds  to  a  6  dB  decrease 
and  this  corresponds  to  12  dB  SPL  decrease  in 
interference  levels. 


Figure  3.  Output  interference  level  of  HA1  as  a  function 
of  field  strength  for  different  inputs  at  900  MHz  carrier 
frequency. 
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6.  CONCLUSION 

Objective  tests  were  performed  in  order  to 
understand  the  interaction  between  hearing  aids  and 
digital  mobile  phones.  Sixteen  hearing  aids  were  tested 
for  immunity  along  800-960  MHz  range  at  6  V/m  test 
level.  All  of  the  devices  produced  acoustic  output  to 
some  degree  when  they  were  exposed  to  amplitude 
modulated  electromagnetic  fields.  Interference  level 
depended  on  many  parameters  like  the  electromagnetic 
field  level,  input  of  the  hearing  aid  and  the  orientation  of 
the  hearing  aid  in  the  test  volume. 

Interference  levels  up  to  140  dB  SPL  were  measured 
in  the  800-960  MHz  range  of  the  carrier  frequency.  Six 
of  the  hearing  aids  were  found  to  produce  levels  above 
the  level  proposed  by  the  standard  (55  dB  SPL  IRIL). 

Particularly,  a  1 :2  dB  ratio  between  the  electric  field 
strength  and  hearing  aid  interference  level  has  been 
proved.  In  other  words,  whenever  we  increase  field 
strength  in  1  dB,  hearing  output  increases  in  2  dB.  This 
1 :2  dB  ratio  proves  to  be  a  helpful  tool  in  interpolating 
for  any  field  strength  level  that  was  not  tested. 

Methodology  followed  and  test  setup  developed  in 
this  study  together  with  the  results  can  be  used  to 
evaluate  the  electromagnetic  compatibility  of  hearing 
aids  to  high  frequency  electromagnetic  fields. 
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In  this  paper  we  provide  the  solutions  to  some 
electromagnetic  scattering  problems.  The  considered 
scatterers  are  conducting  elliptic  cylinders  or  strips 
coated  by  multilayer  dielectric  materials.  These  results 
can  be  used  for  testing  other  numerical  codes  well 
suited  for  more  complicated  situations,  which  typically 
arises  in  electromagnetic  compatibility. 

1.  INTRODUCTION 

This  paper  deals  with  the  interaction  between 
electromagnetic  waves  and  conducting  and/or  dielectric 
materials.  In  the  field  of  the  electromagnetic 
compatibility  this  represents,  as  is  well  known,  a  classic 
problem.  In  the  open  literature,  such  problem  has  been 
addressed  both  numerically  and  analytically  depending 
on  the  particular  configuration  one  has  to  analyse. 

The  particular  importance  of  the  analytical 
solutions,  in  case  of  canonical  bodies,  is  due,  above  all, 
to  the  necessity  to  check  the  accuracy  of  the  solutions 
calculated  by  using  numerical  techniques. 

In  this  context,  we  address  the  problem  of  the 
scattering  by  a  dielectrically  coated  conducting 
cylinder.  In  particular,  the  coating  is  assumed  to  be 
inhomogeneous,  as  it  is  made  up  of  a  multilayer  elliptic 
cylinder,  and  the  metallic  core  can  be  a  strip  or  an 
elliptic  cylinder.  This  scatterer  is  rather  complex  to  be  a 
quite  challenging  test  for  the  numerical  techniques  used 
in  electromagnetic  compatibility,  such  as  the  finite- 
difference  time-domain  (FDTD)  method  [1],  the  finite 
element  method  (FEM)  [2],  the  moment  method 
(MoM)  [3],  the  transmission  line  method  (TLM)  [4], 
etc. 

As  a  matter  of  facts,  the  considered  scatterer 
contains  both  dielectric  and  conducting  materials,  the 
former  being  inhomogeneous  and  it  does  not  exhibits  a 
circular  symmetry.  Finally,  it  is  worth  noting  that  the 
conducting  strip  is  one  of  the  few  scattering  problems 


with  sharp  edges  for  which  the  solution  can  be 
calculated  analytically  [5]. 

The  solution  of  the  scattering  problem  due  to  a 
perfectly  conducting  or  a  homogeneous  dielectric 
elliptic  cylinders  is  well  known  [6][7].  It  makes  use  of 
the  so-called  Mathieu  functions  [8][9].  The  scattering 
by  a  perfectly  conducting  elliptic  cylinder  dielectrically 
coated  by  a  single  homogeneous  lossless  dielectric  layer 
is  known  as  well  [10]. 

However  the  multilayer  dielectric  case  is  much 
more  complicated.  This  is  due  to  the  lack  of 
orthogonality  of  the  angular  Mathieu  functions  in 
adjacent  dielectric  materials.  This  prevents  the 
development  of  a  recursive  procedure  analogous  to  the 
one  devised  by  Bussey  and  Richmond  [11]  for  the 
multilayer  circular  cylinder.  For  this  reason,  the  above 
problem  has  been  considered  to  be  "relatively 
intractable"  [10].  Nevertheless  a  solution  for  the  two- 
medium  problem  has  been  given  in  [5]. 

Finally,  a  recursive  procedure  for  the  exact 
solution  to  this  multilayer  scattering  problem  has  been 
proposed  in  [12].  It  has  been  generalised  in  [13]  in 
order  to  deal  with  cylinders  having  a  perfectly 
conducting  core. 

The  recursive  computation  proposed  in  [12] 
requires  the  solution  of  a  matrix  equation  having 
dimensions  independent  of  the  number  of  layers  of  the 
dielectric  coating.  For  this  reason,  it  seems 
computationally  very  efficient. 

In  the  present  paper,  by  applying  the  recursive 
solution  proposed  in  [12]  and  modified  in  [13],  we  will 
provide  several  solutions  of  the  scattering  problem  due 
to  a  conducting  elliptic  core  or  strip  coated  by 
multilayer  dielectrics.  These  results  will  be  provided  in 
terms  of  both  the  behaviour  of  the  electromagnetic  field 
and  the  bistatic  radar  cross-sections  per  unit  length. 

The  details  of  the  mathematical  formulation 
for  the  expansion  of  the  electromagnetic  field  in  terms 
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of  Mathicu’s  functions  in  the  various  layers  have  been 
provided  in  [12][13]  and  are  not  repeated  here  in  order 
to  save  space.  However  the  main  steps  of  the 
computational  procedure  are  given.  In  the  above 
mentioned  papers,  several  comparisons  have  been 
performed  with  existing  results  in  order  to  validate  and 
check  the  proposed  series  solution. 

2.  MATHEMATICAL  FORMULATION 
2.1  Mathematical  model 

In  this  paper  we  will  consider  scatterers  made 
up  of  perfect  electric  conducting  (PEC)  elliptic 
cylinders  or  strips  coated  by  elliptic  dielectric  layers. 
For  these  problems  the  natural  reference  system  is  the 
elliptic  cylinder  coordinate  system  (u,v,z),  which  is 
described  for  example  in  [9],  where  the  relation 
between  (u,v,z)  and  the  Cartesian  coordinates  system 

(xjy.z1)  is  also  given. 

It  is  assumed  that  the  interfaces  between 
different  media  are  confocal  elliptic  cylinders,  that  all 
the  quantities  varies  sinusoidally  in  time  and  that  the 
electromagnetic  fields  “illuminating”  the  scatterers  are 
transverse  magnetic  plane  wave. 

In  these  hypotheses  the  field  equations  can  be 
treated  by  using  the  separation  of  variables.  Following 
this  procedure  and  by  assuming  that  all  the  quantities 
does  not  depend  on  z,  one  can  convert  the  equations  for 
the  electric  fields  in  the  different  layers  (Helmholtz 
equation)  into  Mathieu’s  equations.  These  equations 
admit  denumerable  sets  of  solutions  (Mathieu’s 
functions)  which  allow  the  expansion  of  all  the 
quantities  of  interest  in  infinite  series.  However  in 
order  to  manage  the  problems  we  have  to  truncate  the 
infinite  series  and  deal  with  finite  sum.  The  unknowns 
are  now  a  finite  number  of  coefficients  appearing  in  the 
truncated  series  considered.  In  the  i-th  layer,  z- 
component  of  the  electric  field  can  be  written  as  [12] 

£m(u,v)  =  ^  le„i.Mca)„(qi,u)  + 

n 

+  c„i^/c(2,„(qi,u)]ce„(qi,v) 

+  2)  [o«l.^s<l>B(q1,u)  +  ortiM’<sw-(qi,u)]  •se«(qi,v)  (1) 

where  Afc®.(q;,u),  Ms*.(q„u),  ce^q^.u),  and  cs<')„(q„u), 
j=l,2,  denote  Mathieu  functions,  and  q;  is  given  by  the 
product  between  the  propagation  constant  for  the  i-th 
layer  and  the  semi-focal  distance. 

For  the  external  medium,  analogous 
expressions  can  be  written  involving  Mathieu  functions 
of  the  4-th  order.  Analogous  relations  can  be  written  for 
the  u-  and  v-component  of  the  magnetic  field. 


In  order  to  solve  the  indicated  problems  in 
terms  of  (truncated)  series  of  Mathieu’s  functions  the 
boundary  conditions  (i.e.  the  continuity  of  the 
tangential  components  of  the  electric  and  magnetic 
fields)  are  to  be  enforced.  If  these  condition  were 
applied  at  the  same  time  the  resulting  system  of 
equations  would  have  a  dimension  growing  linearly 
with  the  number  of  layers.  However  it  has  already  been 
shown  [13]  that  it  is  possible  to  implement  a  procedure 
for  the  calculation  of  the  electromagnetic  fields 
scattered  by  PEC  elliptic  cylinder  coated  by  multilayer 
dielectrics  whose  computational  complexity  is  almost 
independent  of  the  number  of  layers  of  the  coating.  For 
this  reason,  a  problem  which  was  considered  to  be 
relatively  intractable  can  now  be  solved  quite 
efficiently. 


Fig.  1.  Scattering  by  a  thick  PEC  core  coated  by  a 
multilayer  dielectric:  amplitudes  of  the  z- 
component  of  the  electric  field  along  the  x  and 
y  axes. 


Fig.  2.  Scattering  by  a  thick  PEC  core  coated  by  a 
multilayer  dielectric:  phases  of  the  z- 
component  of  the  electric  field  along  the  x  and 
y  axes. 
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2.2  Computational  recursive  procedure 

Let  us  outline  the  salient  points  of  the 
indicated  procedure,  whose  details  can  be  found  in 
[12][13]: 

1)  for  all  dielectric  interfaces  but  the  externa]  one 
compute  the  matrices  involved  in  the  equations 
enforcing  (in  a  weak  sense)  the  continuity  of  the 
tangential  components  of  the  electric  and  magnetic 
fields; 

2)  by  using  the  equations  found  in  1)  determine  an 
explicit  expression  of  the  coefficients  of  the  i-th 
layer  in  terms  of  those  of  the  ( i  -  l)-th  layer; 

3)  apply  point  2)  recursively  and  find  an  expression  of 
the  unknown  coefficients  of  the  external  layer  of 
the  scatterer  in  terms  of  the  unknown  coefficients 
of  the  first  dielectric  layer, 

4)  substitute  the  calculated  expression  in  the 
equations  enforcing  the  continuity  of  the  tangential 
components  of  the  electric  and  magnetic  fields  at 
the  outermost  interface. 

5)  solve  the  obtained  equation  and  find  the 
coefficients  of  the  innermost  dielectric  layer  and  of 
the  medium  surrounding  the  scatterer; 

6)  Go  back  to  point  2)  and  3)  and  calculate  the 
expansion  coefficients  of  all  the  other  layers. 

3.  NUMERICAL  RESULTS 

In  this  section,  we  provide  several  results 
concerning  the  scattering  due  to  PEC  strips  and  elliptic 
cylinders  coated  by  multilayer  dielectrics. 

In  the  first  example,  an  elliptic  cylinder  with  a 
PEC  core  is  coated  by  three  dielectric  layers.  The 
semifocal  distance  is  equal  to  0.5  m  and  the  semimajor 
axes  of  the  four  interfaces  are  equal  to  0.6  m 
(conductor-dielectric  interface),  0.65  m  (first 
dielectric-dielectric  interface),  0.75  m  (second 
dielectric-dielectric  interface),  and  0.85  m  (external 
dielectric-dielectric  interface).  The  relative  dielectric 
permittivities  of  the  three  layers  coating  the  metallic 
core  are  3.0  (innermost  dielectric  layer),  15 
(intermediate  dielectric  layer),  and  2.0  (outermost 
dielectric  layer).  The  external  medium  is  assumed  to  be 
the  free  space.  All  the  dielectric  layers  considered  are 
lossless  and  are  characterised  by  a  relative  magnetic 
permeability  equal  to  unity.  In  this  case  we  have 
considered  an  incident  transverse-magnetic  plane  of 
unit  amplitude  (i.e.  the  electric  field  is  of  unit 
amplitude)  and  propagating  along  the  straight  line 

forming  an  angle  of  135*  with  the  positive  x-axis. 

In  Figure  1,  the  amplitudes  of  the  z-component 
of  the  electric  field  along  the  x  and  y  axes  are  reported. 
For  the  scatterer  considered  the  length  of  the 
semiminor  axis  is  about  0332  m  .  Figure  2  reports  the 
phases  of  the  electric  field  along  the  same  axes.  Finally, 
in  Figure  3  the  bistatic  scattering  width  is  provided. 


V 


Fig.  3.  Scattering  by  a  thick  PEC  core  coated  by  a 
multilayer  dielectric;  bistatic  scattering  width 
or  radar  cross  section  per  unit  length. 


Fig.  4.  Scattering  by  a  PEC  strip  coated  by  a 
multilayer  dielectric:  amplitudes  of  the  z- 
component  of  the  electric  field  along  the  x  and 
y  axes. 


Fig.  5.  Scattering  by  a  PEC  strip  coated  by  a 
multilayer  dielectric:  phases  of  the  z- 
component  of  the  electric  field  along  the  x  and 
y  axes. 
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la  another  example,  a  PEC  strip  is  coated  by 
four  dielectric  layers.  The  semifocal  distance 
considered  is  05  m ,  and  the  semimajor  axes  of  the 
ellipses  constituting  the  cross  section  are  given  by: 
05  m ,  0.7  m ,  05  m  and  0.9  m .  The  relative 
dielectric  permittivities  of  the  four  dielectric  layers  are 
(from  the  innermost  layer  to  the  outermost  one)  2.0 , 
15 ,  1.0  ,  and  1.4  . 

The  direction  of  propagation  of  the  incident 
plane  wave  forms  an  angle  of  120*  with  the  positive  x- 
axis.  In  this  case  too,  the  dielectric  layer  are  lossless 
and  nonmagnetic  and  the  medium  outside  the  cylinder 
is  the  free  space. 

The  amplitudes  of  the  z-componcnt  of  the 
electric  field  along  the  x  and  y  axes  are  shown  in 
Figure  4.  Figure  5  reports  the  phases  of  the  electric 
field  along  the  same  axes.  Finally,  in  Figure  6  the 
bistatic  scattering  width  is  reported  (in  a  polar  format: 
the  angular  variable  is  the  coordinate  v). 

As  a  final  remark,  it  is  important  to  note  the  all 
the  indicated  results  are  calculated  by  using  a  number 
of  terms  in  the  truncated  series  which  guarantee  veiy 
good  approximations.  In  particular,  by  considering 
more  terms  in  the  finite  sum  would  not  provide  a 
significant  improvement  in  the  quality  of  the  results 
shown  in  this  paper. 


Uistalic  scattering  width 


Fig.  6.  Scattering  by  a  PEC  strip  coated  by  a 
multilayer  dielectric:  bistatic  scattering  width 
or  radar  cross  section  per  unit  length. 


4.  CONCLUSIONS 

In  this  paper  the  electromagnetic  scattering 
problems  in  which  a  conducting  elliptic  cylinder  or 
strip  is  coated  by  a  multilayer  dielectric  material  is 
considered.  Results  concerning  both  near-field  and  far- 


field  data  are  provided.  These  results  can  be  important 
in  order  to  test  general  numerical  codes  for  the  analysis 
of  more  practical  electromagnetic  compatibility 
problems. 
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The  paper  considers  the  SPICE  (Simulation 
Program  with  Integrated  Circuit  Emphasis)  simulation 
of  cable  response  to  external  excitation.  The  objective 
of  the  paper  is  to  model  both  inductive  and  conductive 
power  line  steady-state  and  transient  effects  on 
underground  cable.  The  response  of  the  cable  ( voltage 
between  sheath  and  cable  conductor)  to  the  transient 
d.c.  and  the  sinusoidal  components  of  the  power  line 
earth  -  fault  current  is  simulated  assuming  that  the 
homogenous  cable  section  may  be  modeled  by  an 
equivalent  circuit  consisting  of  two  two-ports 
representing  the  cable  conductor  -  cable  sheath  and  the 
cable  sheath  -  earth  loops,  respectively.  The  SPICE 
simulation  is  a  useful  and  an  alternative  approach  to 
the  analysis  of  the  EMI  problems  in  earth  return 
circuits,  when  compared  with  the  solutions  in  the 
frequency  and  time  domains,  respectively.  The  SPICE 
simulation  has  been  illustrated  by  examples. 

1.  INTRODUCTION 

The  effects  of  electric  lines  and  installations  on 
nearby  underground  metal  conductors  with  earth  return 
result  mainly  in  hazards  of  accident  for  persons  in 
contact  with  the  conductors,  damage  to  the  insulating 
coating  as  well  as  the  metal  itself,  and  destruction  of 
the  equipment  connected  to  the  conductor. 

The  methods  of  calculation  of  the  electromagnetic 
interference  (EMI)  on  underground  cables  have  already 
been  presented  in  a  number  of  places,  e.g.  [1,  2],  Some 
of  the  publications  of  the  authors  have  been  also 
devoted  to  these  problems  [3,  4,  5],  The  objective  of  the 
paper  [3]  was  to  analyse  power  line  transients  effects  on 
earth  return  circuits  using  the  simulation  program 
SPICE  (Simulation  Program  with  Integrated  Circuit 
Emphasis).  In  the  paper  the  response  (potential  to  the 
remote  earth)  to  the  transient  d.c.  and  the  sinusoidal 
components  of  the  power  line  earth  -  fault  current, 
inductive  and  conductive  coupled  to  a  pipeline  has  been 
simulated.  In  the  paper  [4]  a  modified  method  of 
characteristic  has  been  presented  and  illustrated  by  an 
example  of  simulation  transient  effects  in  earth  return 
circuits.  This  method  of  calculation  of  the  pipeline 
potential  to  the  remote  earth  has  been  verified  by  the 


SPICE  simulation  according  to  [3],  The  purpose  of  the 
paper  [5]  was  to  present  an  analytical  -  numerical 
solution  for  the  voltage  between  sheath  and  cable 
conductor  of  buried  cable  due  to  quasistationary 
conductive  effects  from  nearby  complex  earthing 
arrangements.  The  present  paper  considers  the  SPICE 
simulation  of  voltages  between  sheath  and  cable 
conductor  due  to  external  excitation. 

The  objective  of  the  paper  is  to  model  both 
inductive  and  conductive  power  line  steady  -  state  and 
transient  effects  on  underground  cable.  Using  the 
program  SPICE  the  excitation  by  ac  signals  and 
transients  may  be  performed,  assuming  that  the 
homogeneous  cable  section  with  uniform  exposure  to 
the  interfering  electric  field  may  be  modeled  by 
equivalent  two  ports.  It  should  be  noted  that  the 
equivalent  circuit  of  the  cable  section  with  distributed 
external  excitation  and  the  driving  voltage  controlled 
voltage  source  is  presented  for  the  first  time.  It  is  also 
assumed  in  the  paper  that  the  reaction  of  currents  in  the 
subjected  cable  on  the  primary  electric  field  may  be 
disregarded,  and  that  the  system  considered  is  linear. 
Such  assumptions  are  accepted  in  many  publications 
dealing  with  earth  currents.  In  the  paper  the  response  to 
the  transient  d.c.  and  the  sinusoidal  components  of  the 
power  line  earth-fault  current,  which  is  assumed  to  be 
known,  inductive  and  conductive  coupled  to  an 
underground  cable  has  been  simulated. 

2.  GENERAL  CONSIDERATIONS 

2.1.  Equivalent  circuit  of  a  cable  conductor  -  sheath 
loop 

An  element  of  an  underground  cable  of  differential 
length  is  shown  in  Fig.  1,  where  Zc  -  unit-length 
impedance  of  cable  conductor,  Yc  -  unit-length  leakage 
admittance  of  cable  insulation,  Zs  is  the  unit  length 
internal-surface  impedance  of  cable  sheath,  and  Is  is 
the  sheath  current  due  to  external  excitation  [2,  5], 

The  knowledge  of  the  current  Is  flowing  along  the 
sheath  is  essential  for  the  determination  of  the  voltages 
in  the  cable  conductor  -  sheath  loop. 
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2.2.  Equivalent  circuit  of  a  cable  sheath  -  earth  loop 

The  current  Is  flowing  along  the  sheath  of  the  cable 
may  be  calculated  using  the  equivalent  circuit  invol¬ 
ving  the  cable  sheath  and  the  earth,  Fig  2  [2,  3,  4,  5], 

Edx 


Fig.  2.  Equivalent  model  of  an  elementary  section  of  a 
cable  (earth  return  circuit)  with  external 
excitation 

The  circuit  of  the  differential  length  dx,  consists  of 
a  unit  -  length  series  impedance  Z=yZ0  and  a  unit  - 
length  shunt  admittance  Y=y/Z0,  where  y  is  the 
propagation  coefficient  and  Z0  is  the  characteristic 
impedance  of  the  earth  return  circuit.  E  represents  the 
external  influence.  Generally  E,  the  electric  intensity 
impressed  at  every  point  of  the  cable,  is  the  sum  of  an 
induced  and  a  static  component 

E  =  Ej  +  Es  (1) 

The  induced  electric  field  is  associated  with  the 
inductive,  whereas  the  static  electric  field  with  the 
conductive  influence  of  the  cable. 

In  the  case  of  the  inductive  interference 


d\ 

dt 


(2) 


where  A  is  the  vector  potential  along  the  cable  due  to 
the  current  in  an  overhead  conductor  of  a  power  line 
under  normal  or  fault  conditions. 

During  a  phase-to-ground  fault  large  currents  may 
enter  the  ground  through  the  earthing  arrangements. 
This  currents  produce  significant  electric  flow  field  in 
the  surrounding  earth,  characterised  by  scalar  earth 
potential,  which  is  proportional  to  the  current  flowing 
through  the  electrode  to  the  earth. 

In  the  case  of  the  conductive  interference 


E,  =  -  grad  VE  ,  (3) 

where  VE  is  the  scalar  potential  of  the  electric  flow  field 
along  the  cable. 

3.  SIMULATION  USING  SPICE 

Theoretically  there  are  two  approaches  possible  for 
earth  return  circuit  network  simulation,  one  based  on 
the  transmission  line  model,  and  the  other  on  the  large 
multinode  electrical  equivalent  circuit  containing  active 
and  passive  elements.  The  SPICE  package  handles  only 
lossless  transmission  lines  with  one  propagation  mode, 
therefore  is  not  adequate  for  the  earth  return  circuit 
such  as  a  cable  with  the  contact  with  the  earth  through 
a  leakage  insulation. 

The  response  of  the  cable  to  transient  effect  may  be 
simulated  using  SPICE,  when  a  basic  circuit  consisting 
of  two  two-ports  shown  in  Fig.  3  is  applied. 


Fig.  3.  Basic  circuit  -  model  of  the  segment  of  the 
inductively  and  conductively  subjected  cable 

The  inductive  effect  of  the  sinusoidal  component  of 
the  fault  current  in  a  power  line  is  represented  in  the 
lower  circuit  by  the  voltage  sinusoidal  source  E_  , 
whereas  the  inductive  effect  of  the  transient  d.c. 
component  is  modeled  by  the  voltage  source  E_  .  The 
voltage  sources  VE~  and  VE_  represent  the  conductive 
effects  of  the  fault  current  on  the  cable.  The  source  VE~ 
models  the  conductive  sinusoidal  component  and  the 
source  VE_  models  the  conductive  d.c.  component  of 
the  cable  excitation  Voltage  controlled  switches  SW1 
and  SW2  are  applied  to  model  the  finite  time  of  earth 
fault  duration.  The  switches  operate  synchronously. 
When  switch  SW1  opens,  switch  SW2  closes  and  vice 
versa,  We  begin  by  assuming  that  the  switch  SW1  has 
been  closed  for  a  long  time.  At  t  =  0  (instant  of  the 
ground  fault  in  the  power  line),  switch  SW1  opens.  At 
t  =  0.2  s  the  switches  are  thrown  to  the  opposite 
positions. 
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The  upper  circuit  in  the  Fig. 3  represents  the  cable 
conductor  -  sheath  loop.  The  driving  voltage  controlled 
voltage  source  E=  IsR  produces  the  voltage  U  between 
the  sheath  and  cable  conductor,  whereas  Is  is  the 
current  flowing  along  the  cable  sheath  The  objective  of 
the  simulation  is  to  find  the  voltages  between  sheath 
and  cable  conductor  of  the  upper  circuit  for  the  time 
0  <  t  <  0.2  s. 

For  the  simulation  each  element  of  the  individual 
basic  circuit  should  be  defined  in  the  enter  data  file. 

4.  EXAMPLES  OF  SIMULATION 

4.1.  Inductive  interference 

In  the  first  example  the  simulation  of  the  cable 
responses  to  transients  in  a  power  line,  has  been  carried 
out  for  the  case  of  inductive  interference  (the  earth  fault 
is  remote  from  the  approach  section  of  the  power  line), 
so  that  VE  “  0  and  VE~  =  0  in  the  circuit  shown  in 
Fig. 3.  An  underground  cable  is  subjected  to  a  phase-to- 
ground  current  (L  =  132.9->/2  sin(cot-770)  A,  f  =  50  Hz, 
i  (0)  =  129  A)  in  a  power  line,  which  is  parallel  to  the 
cable.  The  parameters  of  the  line:  R  =  0. 1 18  Q/km,  L  = 
0.05  mH/km,  t  =  L/R  =  423.7  ps. 

The  length  of  the  cable  with  the  parameters 
y  =  4.92exp(j0.834)  1/km,  Z0  =  1.27exp(j0.698)  Q  is 
1  =  15  km.  The  cable  is  terminated  internally  and 
externally  through  the  characteristic  impedances.  The 
parameters  of  the  cable  conductor  and  the  insulation 
between  the  conductor  and  the  cable  sheath  are 
Zc  =  10  Q/km,  Yc  =  3.141exp(j7t/2)  mS/km,  and  Zs  = 
16  Q/km. 

The  mutual  impedance  (50  Hz)  between  the  cable 
and  the  overhead  conductor  of  the  power  line  is 
ZM  =  0.05  +  j0.228  Q/km. 

The  cable  has  been  modeled  as  a  chain  of  6  basic 
circuits  shown  in  Fig.  3.  The  initial  conditions  in  this 
circuit  have  been  assumed  to  be  zero.  In  Fig.  4  and  in 
Fig.  5  the  voltages  between  sheath  and  cable  conductor 
at  the  end  point  of  the  cable  U(x=15km)  are  plotted  as 
function  of  the  time.  In  the  Fig.4  the  dashed  curve  is 
related  to  the  d.c.  transient  response  and  the  solid  curve 
represents  the  sinusoidal  response  of  the  cable, 
inductively  affected. 

In  the  Fig.  5  the  total  cable  response  to  the  transient 
effects  for  the  inductive  interference  is  shown.  As 
expected  the  transient  d.c.  component  of  the  cable 
response  (voltage)  has  a  minor  effect  when  comparing 
with  the  sinusoidal  component  of  the  response.  The 
maximum  value  of  the  total  transient  voltage  is  200% 
of  the  amplitude  of  the  stead}'  -  state  voltage.  The 
stead}'  -  state  condition  is  practical  reached 
immediately  in  the  cable  conductor  -  sheath  loop. 

4.2.  Conductive  interference 

In  the  second  example  the  conductive  effects  of  a 
fault  current  in  a  power  line  has  been  simulated.  For 
the  case  of  a  conductive  influence  of  the  cable,  the 


voltage  sources  representing  the  scalar  potential  in  the 
earth  adjacent  to  the  cable,  have  been  applied  in  shunt 
branches  of  the  basic  circuit,  Fig.  3,  whereas  E _  =  0  and 

E_  =  0. 


Fig.  4.  Components  of  the  voltage  between  sheath  and 
cable  conductor  simulated  for  the  case  of 
inductive  effects 


Fig.  5.  Total  voltage  between  sheath  and  cable 
conductor  (inductive  interference) 

In  the  example  it  is  assumed  that  the  cable  is  buried 
perpendicular  to  the  route  of  the  power  line.  The 
conductivity  of  the  earth  is  a  =  0.01  S/m.  The  earth 
fault  current  flows  into  the  earth  through  the  point 
earth  electrode,  which  is  a  model  of  the  tower 
grounding.  The  distance  between  the  point  earth 
electrode  and  the  cable  is  s  =  10  m.  The  electrical 
parameters  of  the  cable  and  the  value  of  the 
components  of  the  earth  fault  current  are  the  same,  as 
in  the  first  example. 

The  cable  has  been  modeled  as  a  chain  of  56  basic 
circuits  shown  in  the  Fig,  3.  The  initial  conditions  in 
this  circuit  have  been  assumed  to  be  zero.  In  the  Fig.6 
and  Fig.  7  voltages  between  sheath  and  cable  conductor 
at  the  cable  point  x  =  7.5  km,  lying  opposite  to  the 
point  earth  electrode  are  plotted  vs  time. 

It  follows  from  the  simulation,  that  the  transient  d.c. 
component  of  the  cable  response  may  be  neglected 
when  comparing  with  the  sinusoidal  response  of  the 
cable  conductively  effected.  Similary,  as  in  the  case  of 
the  inductive  influence  on  the  cable,  the  steady  -  state 
condition  is  readed  immediately  in  the  loop  conductor  - 
cable  sheath. 
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Fig.  6.  Components  of  the  voltage  between  sheath  and 
cable  conductor  simulated  for  the  case  of 
conductive  effects 


Fig.  7  Total  voltage  between  sheath  and  cable 
conductor  (conductive  interference) 

5.  FINAL  REMARKS 

The  analysis  of  transient  as  well  as  steady  -  state 
inductive  and  conductive  effects  of  power  lines  on 
nearby  underground  cables  is  possible  using  the 
simulation  program  SPICE.  The  basic  circuit  -  model 
of  the  segment  of  the  cabel,  consisting  of  two  coupled 
two  ports,  representing  the  cable  sheath  -  earth  loop 
and  the  cable  conductor  -  sheath  loop,  respectively,  has 
been  presented  for  the  first  time.  The  computer 
simulation  of  effects  of  both  component  of  the  phase-to- 
ground  fault  current  in  a  power  line,  permit  to  analyse 
these  phenomena  with  greater  accuracy,  especially  for 
the  case  of  the  d.c.  transient  component.  The  transient 
on  the  cable  may  be  handled  by  techniques  developed 
previously  for  the  steady  state  coupling  calculations, 
when  considering  the  sinusoidal  (50  Hz)  component  of 
the  transient. 

The  application  of  the  simulation  program  SPICE 
may  be  useful  in  understanding  and  quantifying  the 
transient  effects  on  underground  cables.  The  extensive 
parametric  analysis  to  examine  the  roles  of  various 
factors  which  affect  the  electrical  and  magnetical 
interference  levels  caused  in  underground  cables  by 
nearby  power  line  under  fault  conditions  may  be 
performed  using  the  simulation  program. 

AC  and  transient  excitation  effects  can  be  evaluated 
at  the  design  stage  of  a  new  power  line  on  an  existing 
network  of  underground  cables,  thus  enabling  potential 
EMI  problems  to  be  identified  before  site  testing 
becomes  practicable  or  possible. 
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ABSTRACT 

This  paper  introduces  a  new  method  to  identify 
harmful  interference  in  cellular  networks,  using 
smart  antenna  techniques  and  signalling  channel 
decoding  to  retrieve  interfering  station  identifiers 
even  under  highly  negative  C/I  conditions  (-15  dB) 
and  in  the  presence  of  multiple  signals.  Experi¬ 
ments  in  the  Paris  area  demonstrated  the  effec¬ 
tiveness  of  the  method  to  evidence  both  co-chan¬ 
nel  and  adjacent  channel  interference,  whether  it  is 
caused  by  frequency  reuse,  multipath  or  a  non- 
cellular  signal.  This  technology  is  the  basis  of 
SMART  AIR,  the  new  generation  of  cellular  net¬ 
work  coverage  and  interference  measurement  sys¬ 
tems  introduced  by  THOMSON-CSF  Communi¬ 
cations. 

1.  PURPOSE  OF  INTERFERENCE  ANALYSIS 

Cellular  operators  nowadays  face  a  new  phase 
of  network  deployment  by  which  they  have  to 
provide  both  higher  traffic  capacity  and  higher 
quality  of  service  in  terms  of  coverage  and  call 
disruption  rate.  Division  of  cells  into  micro-  or  even 
pico-  cells,  repeaters  and  extensive  frequency 
reuse  are  factors  that  make  internal  interference 
more  likely  and  difficult  to  evidence  using  traditio¬ 
nal  methods  such  as  plain  field  strength  measure¬ 
ments  or  test  receivers.  In  many  cases,  calls  can¬ 
not  be  set-up  despite  apparently  high  signal  levels, 
a  situation  resulting  in  dissatisfied  subscribers. 

A  common  source  of  problems  is  the  simultaneous 
reception  of  signals  broadcast  by  several  base  sta¬ 
tions,  at  levels  sufficient  enough  to  disrupt  the 
reception  of  the  best  server  station  by  the  handset 
of  the  subscriber,  but  low  enough  to  make  their 
identification  impossible  through  conventional 
methods. 

Operators  have  tried  various  technologies,  such 
as  field  strength  and  channel  impulse  response 


measurement  systems,  with  little  success  to  evi¬ 
dence  problems  other  than  multipath.  GSM  opera¬ 
tors  facing  severe  service  quality  problems  in 
urban  areas  need  new  technologies  to  perform 
network  quality  control  and  in-situ  correction  of 
planning  data,  able  to  perform: 

•  measurement,  analysis  and  identification  of  inter¬ 
nal  and  external  interference  sources  independently 
of  planning  data 

•  planning  and  network  deployment  support,  par¬ 
ticularly  in  urban  or  mountainous  zones  (presence 
of  several  high-level  sources,  multipath,  etc.)  by 
identifying  base  stations 

•  aid  to  frequency  management  (presence  of  seve¬ 
ral  networks,  frontier  zones,  etc.). 


Fig.  1 :  Principle  of  use 

2.  RECEPTION  AND  PROCESSING 

Reception  and  processing  are  performed  with 
five  quarter-wave  antennas,  a  five-channel  high- 
sensitivity  receiver  and  acquisition  system  (5  x  300 
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kHz),  and  a  computer  for  signal  processing, 
receiver  management,  and  analysis  of  results. 


Fig.  2:  Equipment  structure 
3.  PRINCIPLE  OF  INTERFERENCE  ANALYSIS 


The  equipment  identifies  all  types  of  adjacent 
and  co-channel  interference  sources  with  Wiener 
space-time  matched  filtering  and 


a'-  Multi-channel  detection  of  T raff ic  Channel  (time 
slot  TCH)  with  level  estimation  and  selection  of  a 
given  TCH  (operator's  choice).  The  TCH  selected  is 
defined  by  its  training  sequence. 

b'-  Multi-channel  detection  of  Broadcast  Channel 
(BCCH)  in  the  total  GSM  band  (with  multi-channel 
synchronisation  as  in  a  step  a-). 

c‘-  Automatic  selection  of  Broadcast  Channels 
(BCCH)  that  are  time-correlated  with  a  given  TCH. 

d‘-  Multi-channel  reception  of  previously  selected 
BCCH,  including  channel  estimation  noise  estima¬ 
tion  for  each  of  them  as  in  step  b- 

e‘-  Demodulation  and  decoding  of  selected  BCCH, 
extraction  of  base  station,  cell  and  network  identifi¬ 
cation  parameters. 

Thus,  carrier  sources  and  interference  sources 
are  detected  and  identified  either  for  BCCH-BCCH 
and  BCCH-TCH  interference  situations. 

Matched  space-time  filtering  has  some  advantages: 


•  demodulation  and  decoding  of  relevant  identi¬ 
fication  parameters  (BSIC,  TSC,  LAC,  LAI,  Cl, 
MNN,  MNC,  etc.)  on  beacon  frequencies, 

•  estimation  of  C/I  and  Eb/N0  ratios. 

3.1 .  BCCH-BCCH  interference  situation 

BCCH-BCCH  adjacent  and  co-channel  inter¬ 
ference  situations  are  analysed  in  three  steps : 


no  antenna  calibration  is  required, 

location  of  interfering  base  stations  is  simply 
performed  through  identification  and  planning 
data  (automatic  look-up  in  database  would  be 
possible  with  digital  map  display). 

4.  SIGNAL  PROCESSING 

4.1.  Signal  model 


a-  Multi-channel  detection  of  Broadcast  Channel 
(BCCH)  and  multi-channel  synchronisation  on  Syn¬ 
chronisation  Channel  training  sequence  (SCH  in¬ 
cluded  in  BCCH)  are  performed  with  a  same 
algorithm  described  in  section  4.3.  The  300  kHz 
bandwidth  signal  is  acquired  on  5  channels,  digi¬ 
tised  and  recorded. 

b-  Multi-channel  reception,  including  channel  and 
noise  estimation  and  equalisation,  is  performed  with 
a  second  algorithm  described  in  section  4.4. 

c-  Demodulation  and  decoding  of  BCCH  are  then 
performed  to  extract  base  station,  cell  and  network 
identification  parameters  (see  section  4.4.). 

3.2.  BCCH-TCH  interference  situation 

BCCH-TCH  adjacent  and  co-channel  inter¬ 
ference  situations  are  analysed  in  five  steps: 


GSM  uses  a  GMSK  modulation  with  index  h=0.5, 
BT=0.3,  L=3.  Ref  [1]  shows  that  the  transmitted 
GMSK  signal  can  be  expressed  in  the  linear  form 
hereafter : 


where  : 


^Jfa„co(i-nT) 

«=-« 


•  (sn)  r^-oc.q  is  the  symbol  stream 

•  3n  =  Sn  3n-1 

•  Co  is  the  first  pulse  modulation  function: 


Co (,)=■—[—— 1  0<f  <2LT 
sin(/i/r) 

0</<  LT  ;  y/(t)  =<p(t) 

LT  <  t  <2LT  ,  y/(t)  =  hn-<p{t- LT) 
<p(t)  =  [2 7ih.v(t)] :  signal  phase  during 
2L  symbols. 
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So  the  input  signal  x(t)  on  the  5-channel  array  is 
the  5-vector 

x(t)=  ^a„g(t-nT)  +  (b  +  j)(t) 

/I  - -oo 

where 

•  g(t)  =  [G  *  C0](t)  is  the  convolution  result  of  C0 
function  above  with  channel  filter  G  (including 
Nyquist  filtering) 

•  b  is  the  contribution  of  ambient  noise  and  j  is  the 
contribution  of  interference 

•  x(t),  g(t),  b(t)  and  j(t)  are  5-vectors. 


purely  spatial  part  w,  followed  by  a  temporal 
matched  filter. 

The  principle  is  to  minimise  the  mean  square 
error  between  the  output  y=wT  .x  of  a  spatial 
matched  filter  w  and  a  channel  filtered  version 
g  T'd  of  the  training  sequence  d.  For  this  we  search 

w  and  |  that  realise 


Mi) 


4.2.  Some  definitions 


with  the  constraint  |  r‘ j  =  i . 


For  further  developments,  we  call  K  the  length  of 
the  training  sequence  d,  NL  the  length  of  channel 
response  and  we  define 

-  the  5-channel  sampled  vector  x<n),  g(n>,  b(n)  and  j(n) 

-the  5xNL  arrays:  D(k)=  (d(k) . cJ(k+nd), 

-  the  5x1  correlation  array 

1  K 

^  k=  1 

-  the  5x5  correlation  arrays : 


K  k  =  1 


q)  —  „  S  X(no+k)D(k) 

K  k  =  1 

1  K 

ZD(k)D(k)T 

K  k  =  1 

4.3.  Multi-channel  detection  and  synchronisation 

It  follows  from  Wiener  theory  that  the  sample  n 
for  witch  multi-channel  synchronisation  is  achieved 
maximises  the  function  C(n)  hereafter  (see  ref.  [2] 
for  more  details) : 

4.4.  Multi-channel  reception  and  demodulation 

After  synchronisation  processing,  performed 
either  on  SCH  and  TCH  training  sequences,  the 
multi-channel  reception  algorithm  is  composed  of  a 


The  optimal  choice  of  w  and  g  is  given  by 
g  :  eigenvector  corresponding  to  the  smallest 
eigenvalue  of  matrix  F  ~RM- 

w:  matched  filter  defined  hereafter: 

w(8)  =  Rjcx  RxD-S 

This  single  channel  output  is  then  sampled  at 
symbol  rate  and  a  Viterbi  algorithm  is  chosen  for 
symbol  decision  (because  of  residual  symbol 
interference)  as  shown  hereafter. 


Fig.  3:  Reception  and  demodulation 


Extraction  and  decoding  of  identification  para¬ 
meters  are  then  performed.  Signal  power,  C/I  and 
Eb/No  ratio  are  estimated  from  filter  outputs  and 
arrays  defined  above. 

5.  RESULTS  AND  EXPERIMENTATIONS 

Figure  4  hereafter  explains  the  result  of  pro¬ 
cessing  for  co-channel  interference  situations. 

Figures  5  and  6  show  experimental  results 
obtained  in  Paris  region  (France). 

The  symbols  xx  and  zzz  are  the  codes  of  the 
GSM  channel,  the  symbol  y  identifies  the  operator: 


these  parameters  and  the  precise  location  of 
measurements  are  not  given  in  this  paper  to  respect 
operators'  data  confidentiality. 
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and  for  planning  support  and  service  quality  control 
of  cellular  networks  when  regular  instrumentation  is 
not  sufficient.  Above  principles  could  be  extended  to 
other  TDMA  and  CDMA  wave  forms,  such  as 
NADC,  IS95,  UMTS,  etc. 
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Fig.  4:  Illustration  of  processing  results 
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Fig.  5:  E>perimental  measurement  of  3  BCCH 
signals:  although  the  first  interferer  is  13  dB  below 
the  wanted  carrier,  it  was  demodulated,  decoded 
and  identified 
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Fig.  6  :  Experimental  measurement  of  2  BCCH 
signals  and  one  TCH  signal  14  dB  below  the 
wanted  carrier 

The  LAC  and  Cl  parameters  were  not  extracted 
every  time  because  of  an  acquisition  duration  lim¬ 
ited  to  0.5  second  for  the  experiment  (instead  of  2 
seconds  in  SMART  AIR  to  extract  these  parameters 
with  100%  probability). 

6.  CONCLUSION 

The  results  above  show  that  GSM  channel  de¬ 
coding  and  parameter  identification  can  be  perfor¬ 
med  with  matched  space-time  filtering,  under  highly 
disturbed  reception  conditions  (multiple  sources, 
multipath,  highly  negative  C/I  ratio  -  down  to  -15  dB 
and  less). 

These  filtering  techniques  have  thus  proved  very 
efficient  for  measurement  and  interference  analysis, 
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The  occurrence  electromagnetic  fields  caused  by 
the  electrostatic  discharge  (ESD)  between  the  charged 
metals  can  be  affected  by  the  presence  of  the  metal  it¬ 
self,  whereas  the  effect  has  not  previously  been  exam¬ 
ined.  In  this  paper  the  finite- difference  time-domain 
(FDTD)  method  was  used  to  compute  the  occurrence 
electromagnetic  fields  due  to  the  spark  between  the 
metal  spheres.  Comparison  was  made  between  the 
FDTD  computation  results  and  the  analytical  results 
obtained  from  a  dipole  model.  The  effect  of  the  metal 
on  the  ESD  field  level  was  also  shown. 

1  INTRODUCTION 

The  occurrence  electromagnetic  fields  due  to  elec¬ 
trostatic  discharge  (ESD)  include  broad-band  fre¬ 
quency  spectra  over  a  microwave  region[l],  which 
cause  serious  damage  to  high-tech  information  de¬ 
vices.  For  this  kind  of  electromagnetic  interference 
(EMI),  it  is  well-known  as  a  peculiar  phenomenon  [2]- 
[4]  that  an  indirect  ESD  happening  at  a  location  far 
from  the  device  gives  the  stronger  EMI  than  a  direct 
ESD  does  and  also  that  the  EMI  level  is  not  always 
proportional  to  the  ESD  voltage.  For  the  indirect 
ESD,  we  have  previously  proposed  a  dipole  model  [5]- 
[7]  having  a  spark  current,  which  could  qualitatively 
explain  the  peculiar  ESD  event.  In  the  above  model, 
however,  the  presence  of  the  metal  has  not  been  con¬ 
sidered,  and  its  effects  on  the  occurrence  electromag¬ 
netic  fields  are  not  well  understood.  In  order  to  nu¬ 
merically  examine  the  effect  of  the  metal  presence 
on  the  ESD  field,  we  analyzed  the  occurrence  elec¬ 
tromagnetic  fields  generated  by  the  spark  between 
the  metal  spheres,  using  the  finite-difference  time- 
domain  (FDTD)  technique.  The  computed  results 
were  also  compared  with  those  analytically  obtained 
from  our  previously  proposed  dipole  model[6]. 


2  ESD  SOURCE  MODEL  AND  FDTD 
COMPUTATION  ALGORITHM 

Figure  1(a)  shows  a  fundamental  ESD  model  for 
the  spark  between  the  metal  spheres  with  a  radius  of 


Metal  sphere 

(a)  (b) 


Figure  1  (a)Spark  discharge  between  metal  spheres, 
and  (b)dipole  model. 

a  whose  gap  length  is  £.  When  the  radius  a  of  the 
metal  sphere  is  sufficiently  small  compared  with  the 
gap  length  i,  the  charged  metal  sphere  is  assumed  to 
be  a  point  charge  and  thus  Figure  1(a)  is  modelled  as 
a  dipole  model  which  is  shown  in  Figure  1(b),  so  that 
the  occurrence  electromagnetic  fields  in  this  case  can 
theoretically  be  obtained.  Consider  the  ESD  current 
as  a  single  shot  impulsive  current,  when  the  spark 
discharge  occurs  between  the  gap.  Then  the  current 
i(t)  flowing  through  the  gap  can  be  expressed  as 

i(t)  =  Im  •  F(t/r),  (1) 

where  Im  and  r  are  the  current  peak  and  nominal 
duration  period,  respectively,  and  F(-)  is  the  non- 
dimensional  function  that  represents  the  waveform 
of  the  spark  current  and  the  following  relation  holds: 

pOO 

/  F{x)dx  =  1.  (2) 

Jo 

The  occurrence  electromagnetic  fields  at  a  location 
P(r,  6,  <p)  in  Figure  1(b)  are  given  from  Reference  [6] 

by 
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Eo  =  Zo-Ho  (6) 

Ho~^  (7) 

where  c  =  l/^/Fo£o  is  the  speed  of  light  and  2b  — 
i/mo/eo  is  the  intrinsic  impedance  of  free  space. 

When  the  raidus  a  of  the  metal  sphere  is  large 
compared  with  the  gap  length  £  as  shown  in  Figure 
2(a),  the  dipole  model  in  Figure  1(b)  is  no  longer 
applicable  to  calculation  of  the  occurrence  electro¬ 
magnetic  fields,  which  must  numerically  be  obtained. 
The  FDTD  method  is  used  here  to  compute  the  oc¬ 
currence  electromagnetic  fields  due  to  the  spark  be¬ 
tween  the  metal  spheres.  Rizvi  and  Vetri  also  used 
the  FDTD  method  to  compute  the  ESD  fields[8], 
whereas  they  did  not  consider  the  presence  of  the 
metal. 

Figure  2(b)  shows  a  FDTD  computation  model  of 
the  metal  spheres  shown  in  Figure  2(a),  which  were 
composed  of  small  cubic  cells.  For  the  implemen¬ 
tation  of  the  spark  path,  only  one  cell  was  used. 
Denote  by  8x  =  Sy  —  Sz  =  <5  the  difference  in¬ 
terval  of  space,  and  by  6t  the  difference  interval  of 
time.  Let  the  difference  function  of  W  —  W(x,  y,  z,  t ) 
be  Wn(i,j,k)  =  W(i6x,j6y,kSz,nSt).  On  the  as¬ 
sumption  that  the  spark  discharge  between  the  metal 
spheres  as  shown  in  Figure  2(a)  happens  in  the  z- 
direction,  the  z-component  of  the  electric  field  nor¬ 
malized  to  ZqHq,  for  example,  is  given  by 


E?+l(i,j,k+l)  = 


2er  +  §)  -  St'ro  ( i,j ,  k  +  |)  /g0 
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Figure  2  (a)  ESD  model  of  charged  metal  sphere 
and  (b)  block  model  for  FDTD  computation. 


Figure  3  FDTD  computation  region 
and  arrangement  of  metal  spheres. 


tained  for  E'x  and  E'y.  The  function  Fn+1,  which  is 
the  second  term  of  the  right-hand  side  of  the  above 
equation,  is  given  by  Fn(i,  j,  k)  =  F{nSt/ 2)  for  the 
cell  through  that  the  spark  current  flows,  but  0  for 
other  cells.  Permittivity  er(i,j,k )  and  conductivity 
o(i,  j.  k)  have  numerical  values  corresponding  to  the 
medium  of  the  cell.  The  first  order  Mur  absorbing 
boundary  condition  [9]  was  applied  to  the  boundary 
surface  of  the  computational  region  to  simulate  an 
unbounded  region. 


3  NUMERICAL  COMPUTATIONS  AND 
DISCUSSION 

Figure  3  shows  the  FDTD  computation  region 
and  arrangement  of  the  metal  spheres.  The  region 
consisted  of  (201  x  301  x  201)  cells  with  6  =  1.2 
mm.  The  radius  of  the  metal  sphere  was  taken  as 
a  —  3.0mm(=  2.5b).  As  a  material  of  the  metal 
sphere,  brass  (conductivity:  a  =  2.0  x  107  S/m)  was 
used. 

For  the  spark  current,  Im  —  7.4  A  and  t  =  0.49 
ns  were  used,  which  were  obtained  from  our  spark 
experiments  for  the  metal  spheres  having  a  gap  of 
1.2mm.  For  such  a  case  the  function  F(-)  can  theo¬ 
retically  be  derived  in  a  closed  form[6] ,  which  is  given 

by 


where  E1  =  E/(Z0H0),  H1  =  H/H0>  St1  =  St/r,  3%/3  f  , 

and  S'  —  S/ct.  Similar  expressions  can  be  ob-  E{t/T)~  ^  •  exp  |3v  3  (t/7  £o)j 
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Figure  4  Waveforms  of  nondimensional  function  F(*) 
for  spark  current  and  its  derivative. 
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where  x0  is  the  integral  constant  and  was  taken  here 
as  1.5.  The  waveforms  of  the  function  F(-)  and  its 
derivative  are  shown  in  Figure  4. 

Figures  5(a)  and  5(b)  show  the  computed  wave¬ 
forms  of  the  occurrence  magnetic  fields  on  the  y-axis 
at  locations  of  (0, 0.082cr,  0)  and  (0,  0.90cr,  0),  re¬ 
spectively.  The  abscissa  is  the  time  normalized  to 
r.  The  ordinate  is  the  magnetic  field  normalized  to 
Ho  —  im/cr.  The  solid  lines  and  dashed  line  are 
the  waveforms  computed  by  the  FDTD  method  and 
the  dipole  theory,  respectively.  The  thin  line  is  the 
FDTD  computed  result  without  the  metal  spheres, 
which  agrees  well  with  the  result  calculated  from  the 
dipole  theory.  This  validates  our  FDTD  computa¬ 
tion  code.  The  thick  line  is  the  waveform  computed 
for  the  metal  spheres,  which  shows  that  the  mag¬ 
netic  field  peak  for  the  metal  spheres  is  considerably 
higher  compared  to  the  case  without  the  metals. 

Figure  6  shows  the  dependence  of  the  first  and  sec¬ 
ond  peaks  of  the  magnetic  field  waveform  on  the  dis¬ 
tance  from  the  spark  portion.  The  abscissa  is  the  dis¬ 
tance  on  the  y-axis  normalized  to  cr.  The  ordinate  is 
the  absolute  value  of  the  magnetic  field  peak  normal¬ 
ized  to  H0  =  Im/cT.  Since  the  second  peak  appears 
in  the  radiated  field  proportional  to  dF(t/T)/d(t/r), 
its  distance  dependence  corresponds  to  that  of  the 
radiated  field.  The  crosshatching  part  shows  the  re¬ 
gion  of  y/cr  <  a/cr  ~  0.02,  which  is  near  the  spark 
portion.  The  distance  dependence  of  the  first  peak, 
therefore,  corresponds  to  that  of  the  inductive  field. 

For  the  case  without  the  metals,  the  FDTD  com¬ 
puted  peaks  agree  well  with  those  calculated  from 
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Figure  5  Computed  waveforms  of  occurrence  magnetic  field. 
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Figure  6  Dependence  of  magnetic  field  peak  on  distance. 


the  dipole  theory.  The  thick  lines  are  the  peaks  com¬ 
puted  for  the  metal  spheres,  which  shows  that  both 
the  field  peaks  in  the  region  of  y/cr  >  0.02  are  higher 
at  a  constant  rate  than  those  calculated  from  the 
dipole  theory.  This  means  that  the  presence  of  the 
metal  spheres  enhances  the  field  level  and  thus  in¬ 
creases  the  radiated  field. 


4  CONCLUSIONS 

The  effect  of  the  charged  metal  itself  on  the  ESD 
field  has  not  previously  been  examined.  In  this  pa¬ 
per,  we  have  computed  the  occurrence  electromag¬ 
netic  fields  generated  by  the  spark  between  the  metal 
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spheres,  using  the  FDTD  technique.  As  a  result,  we 
have  found  that  the  presence  of  the  metals  enhances 
the  ESD  field  level  according  to  the  metal  dimen¬ 
sions. 

Future  subjects  include  experimental  confirmation 
of  the  ESD  field  enhancement  effect  described  here, 
and  computation  of  the  occurrence  electromagnetic 
fields  due  to  the  spark  between  metals  having  a  com¬ 
plicated  shape. 
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The  paper  presents  a  simple  procedure  of  modelling 
of  supply  transformers  for  transient  overvoltages. 
Proposed  model  of  one-phase  transformer  was  created 
using  ATP-EMTP  and  its  analogue  module  MODELS. 
To  do  that,  first  the  transformer  admittances  were 
calculated  in  MATLAB  basing  on  measurements  of 
voltage  and  current  impulses  in  transformer  windings. 
Then,  the  model  was  built  up  as  a  four-terminal  network 
comprising  controlled  current  sources. 

1.  INTRODUCTION 

Transformers  are  ones  of  the  most  familiar  compo¬ 
nents  of  electrical  supply  systems.  They  are  ones  of  the 
most  difficult  to  model  accurately.  This  concerns  both 
middle-to-low  voltage  three-phase  transformers  and 
low-to-low  voltage  one-phase  transformers.  Supply  tran¬ 
sformers  are  the  devices  with  the  complex  arrangement 
of  coils  around  an  iron  core.  Because  of  close  spacing  of 
coils,  transformers  have  significant  stray  capacitances 
and  inductances  which  come  into  effect  at  higher 
frequencies.  Then,  models  of  transformers  created  for 
power  system  frequency  analysis  are  not  suitable  for 
accurate  simulation  of  propagation  of  lightning  and 
switching  overvoltages  through  a  transformer. 

Supply  transformers  behave  linearly  for  higher 
frequencies  (essentially  above  1  kHz)  and  an  iron  core 
does  not  play  a  significant  role  [1].  Transformer  winding 
behaves  as  a  linear  system  (without  saturation  effects) 
for  lightning  overvoltages,  also  the  magnetic  effects  of 
hysteresis  can  be  neglected  since  the  hysteresis  loop  of 
supply  transformers  is  very  narrow  [2], 

Two  main  trends  can  be  distinguished  in  modelling 
of  transformers  for  overvoltage  transfer  analysis  [3].  The 
first  of  them  concerns  the  detailed  internal  winding 
models.  The  second  trend  concerns  the  terminal  models. 

Detailed  internal  winding  model  consists  of  large 
networks  of  inductances  and  capacitances  obtained  as 
a  result  of  discretisation  of  distributed  self  and  mutual 
winding  inductances  and  capacitances.  Determination  of 
values  of  such  network  elements  requires  information  on 
the  construction  details  of  the  transformer  and  the 
solution  of  complex  field  problems.  Such  models  are 
mainly  suitable  for  determination  of  voltage  distribution 
along  a  winding  as  a  result  of  impulse  excitation. 


Terminal  model  is  that  where  the  wide  range  of 
frequency  response  at  the  transformer  terminals  is 
reproduced  by  means  of  equivalent  networks.  The  model 
is  constructed  basing  on  special  tests  and  measurements. 
The  main  task  is  to  carry  complicated  numerical 
calculations  for  determining  the  parameters  of 
equivalent  networks.  In  this  case  transformers  are  often 
tested  using  low  voltage  impulses. 

Practical  procedure  of  terminal  model  creation  often 
proceeds  as  follows  [3],  First  the  diagram  of  a  7t-equi- 
valent  of  transformer  model  should  be  established.  To 
determine  the  transformer  short  circuit  admittance 
functions  the  low  voltage  technique  [2]  is  often  used. 
Voltage  impulses  used  for  excitation  of  the  transformer 
at  one  of  the  terminals  and  the  consequent  current 
waveforms  are  simultaneously  recorded. 

In  the  second  step  the  nodal  equations  relating  to  the 
voltages  and  currents  at  the  terminals  of  the  transformer 
must  be  established.  Then,  the  elements  of  the  nodal 
admittance  matrix  should  be  approximated  in  the 
frequency  domain  with  rational  functions  consisting  of 
real  as  well  as  complex  conjugate  poles  and  zeroes.  The 
fitting  technique  used  to  the  approximation  is  often 
based  on  a  least  squares  curve  fitting  process  performed 
with  the  use  of  suitable  computer  program.  As  the  result 
of  this  complicated  process  the  parameters  of  equivalent 
RLC  networks  are  determined.  Each  admittance  of  the 
^-equivalent  of  transformer  model  comprises  one  such 
RLC  network. 

Terminal  model  of  a  transformer  achieved  according 
to  above  procedure  can  be  implemented  into  one  of  the 
computer  programs  enabling  the  simulation  of  over¬ 
voltage  transfer  through  a  transformer.  For  that  purpose 
the  world-wide  known  ATP-EMTP  (Alternative  Tran¬ 
sients  Program  -  Electromagnetic  Transients  Program) 
[4]  is  often  used. 

Presented  procedure  of  transformer  terminal  model 
creation  for  overvoltage  transfer  study  is  difficult  and 
time  consuming.  Many  steps  of  mathematical  operations 
with  simplifying  assumptions  are  the  reason  for 
reduction  of  model  accuracy. 

In  this  paper  the  simpler  procedure  of  transformer 
terminal  model  creation  is  proposed.  This  digital  model 
is  created  using  the  ATP-EMTP  and  its  analogue 
module  MODELS  [5]. 
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2.  PROPOSED  MODEL 

For  presentation  of  creation  procedure  of  the 
proposed  new  transformer  model  for  simulation  of 
transfer  of  steep  fronted  overvoltages  a  one-phase  low- 
to-low  voltage  (220/24  V)  transformer  was  chosen. 

The  four-terminal  network  as  a  model  of  such 
transformer  is  presented  in  fig.  1.  It  can  be  described 
according  to  the  network  theory  with  the  admittance 
parameters: 

i,=y„v1  +  y12v2 
i2=y2,v,+y22v2 

where:  Yu,  Y12,  Y2!,  Y22  -  admittance  parameters  of  the 
four-terminal  network. 


Fig.  1.  General  four-terminal  network  model  of  one- 
phase  transformer 
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Fig.  2.  Model  of  one-phase  transformer  including  two 
current  sources 

Such  four-terminal  network  model  can  be  realised  in 
digital  form  in  ATP-EMTP  by  replacing  it  with  two  two- 
terminal  source  networks  as  it  is  presented  in  fig.  2.  The 
admittance  parameters  Yn,  Y12,  Y2i  and  Y22  of  a 
transformer  are  frequency  dependent  functions.  Then, 
digital  models  of  current  sources  as  well  as  admittances 
Yu  and  Y]2  must  be  created  using  current  sources  (type 
60)  controlled  with  analogue  module  MODELS. 

The  model  presented  in  fig.  1  can  be  naturally 
described  also  using  the  impedance  or  hybrid  para¬ 
meters,  but  when  such  model  is  to  be  realised  in  digital 
form  in  ATP-EMTP  in  the  way  proposed  above,  only  its 
representation  with  admittance  parameters  can  be  taken 
into  account.  This  is  because  in  ATP-EMTP  the  one  of 
the  two  nodes  of  modelled  voltage  or  current  sources 
controlled  with  MODELS  must  be  grounded. 


3.  MEASUREMENTS  AND  CALCULATIONS 

For  determination  of  admittance  parameters  of  the 
proposed  model  (fig.  2)  the  appropriate  time  functions 
of  voltage  and  current  for  examined  transformer  were 
measured  and  digitally  recorded.  In  each  case,  as  an 


input  function  the  low  voltage  impulses  of  double 
exponential  type  were  used.  The  simple  impulse 
generator  was  developed  which  has  a  continuously 
adjustable  output  between  0  and  200  V  in  order  to  be 
able  to  make  efficient  use  of  the  oscilloscope  vertical 
resolution. 

For  the  measurements  a  digital  storage  oscilloscope 
was  used.  Its  nominal  parameters  are  as  follows: 
effective  storage  frequency  bandwidth:  100  MHz, 
maximum  effective  sampling  rate:  100  MS/s,  vertical 
resolution:  8  bits,  horizontal  resolution:  12  bits,  saving 
memory:  4096  words  for  each  of  2  channels. 

For  data  processing  and  communication  between  the 
oscilloscope  and  microcomputer  (PC)  the  RS232C 
version  interface  and  special  program  was  used.  This 
program  enables  the  transfer  of  recorded  waveforms 
from  the  oscilloscope  to  PC. 

Selected  voltage  input  waveform  and  resulting 
current  waveforms  in  transformer  primary  and 
secondary  windings  are  presented  in  fig.  3.  These 
waveforms  were  measured  when  the  primary  winding 
was  exited  with  the  voltage  impulse  and  the  secondary 
winding  was  shorted  (V2  =  0).  Registered,  in  this  case, 
time  functions  enable  the  determination  of  admittances 
Yu  and  Y21  -  see  equations  (1). 

In  order  to  determine  the  admittances  Y12  and  Y22 
similar  measurements  were  conducted  but  in  this  case 
the  voltage  impulse  generator  was  connected  to  the 
secondary  winding  and  the  primary  winding  was  shorted 
(Vi=0). 

On  the  base  of  achieved  results  the  admittance 
parameters  of  the  model  in  fig.  2  were  calculated  as  the 
functions  of  the  Laplace  operator  s.  For  identification  of 
these  admittances  the  MATLAB,  well  known  computer 
program,  was  used.  On  the  base  of  measured  voltage 
time  function  as  an  excitation  impulse,  and  current  time 
function  in  given  transformer  winding  as  the  answer  to 
this  excitation,  special  identification  tool  of  the  program 
gives  the  admittance  (self  or  mutual)  as  the  rational 
function  of  variable  s. 

All  four  identification  methods  (arx,  armax,  bj,  iv4) 
available  in  Identification  Toolbox  of  Matlab  4.2  were 
used  and  the  best  results  were  chosen  for  creation  of 
transformer  model.  In  the  case  of  conducted  inve¬ 
stigations  polynomials  of  fourth  order  regarding  the 
variable  s  (both  for  the  numerator  and  denominator)  for 
each  of  four  calculated  admittances  have  proved  as 
adequate  for  the  model. 

Schematic  diagram  of  the  proposed  digital  model  of 
one-phase  supply  transformer  is  presented  in  fig.  4. 
Electrical  elements  of  the  model  (current  sources)  were 
realised  in  basic  module  of  ATP-EMTP.  For  this 
purpose  the  controlled  current  sources  type  60  have 
been  used.  Each  source  is  controlled  by  the  one  of 
terminal  voltages  (V]  or  V2).  In  the  individual  case  the 
controlling  voltage  value  in  each  time  step  is  modified 
by  proper  admittance  function.  Controlling  elements  of 
the  model  were  realised  in  analogue  module  MODELS 
of  the  ATP-EMTP. 
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Fig.  3.  Results  of  measurements  for  secondary  winding 
shorted:  a)  voltage  impulse  at  primary  winding,  b)  and 
c)  current  waveforms  in  primary  and  secondary  winding 
respectively 


Fig.  4.  Schematic  diagram  of  the  proposed  digital  model 
of  one-phase  transformer 


For  verification  of  proposed  model  of  one-phase 
transformer  the  measurements  and  simulations  were 
conducted.  Selected  results  of  this  verification  are 
shown  in  figures  5  and  6.  During  measurements  primary 
winding  of  the  examined  unloaded  transformer  was 
exited  with  voltage  impulse  presented  in  fig.  5a.  As  the 
response  the  voltage  waveform  at  open  secondary 
winding  was  measured  and  presented  in  fig.  5b. 

For  comparison  with  results  of  measurements  the 
simulations  were  performed  in  ATP-EMTP  using  digital 
model  of  examined  transformer  created  according  to  the 
proposed  procedure.  To  simulate  the  same  working  state 
of  the  transformer  as  in  the  case  of  measurements  the 
voltage  impulse  presented  in  fig.  6a  was  selected  as  the 
input  function.  It  should  be  noted  that  voltage  impulses 
in  fig.  5a  and  fig.  6a  are  almost  identical.  As  the  output 
function  the  voltage  waveform  at  open  secondary 
winding  of  the  transformer  model  was  calculated  and 
presented  in  fig.  6b. 

Measured  (fig.  5b)  and  simulated  (fig.  6b)  functions 
of  secondary  voltage  of  unloaded  transformer  as  the 
answers  to  voltage  impulses  at  primary  winding  are 
similar  in  amplitude  and  shape.  Some  small  differences 
between  these  functions  especially  in  the  falling  parts 
are  the  results  of  errors  which  can  not  be  avoided  during 
measurements  and  calculations.  Fortunately  these  diffe¬ 
rences  are  not  of  essential  importance. 
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Fig.  5.  Results  of  measurements  for  unloaded  trans¬ 
former:  a)  voltage  impulse  exciting  primary  winding, 
b)  voltage  waveform  at  secondary  winding 
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Fig.  6.  Results  of  simulation  for  unloaded  transformer: 
a)  input  voltage  function,  b)  output  voltage  function 

4.  CONCLUSIONS 

Presented  above  the  proposal  of  a  simple  procedure 
of  modelling  of  supply  transformers  for  transient 
overvoltages  should  be  treated  as  initial.  Further 
investigations  should  determine  precisely  its  advantages 
and  shortcomings.  Nevertheless  general  advantages  of 
this  procedure  can  be  evaluated  basing  on  the  analysis 
conducted  during  creation  of  the  model. 

The  main  advantage  of  the  proposed  procedure  of 
modelling  of  one-phase  transformers  for  high  frequ¬ 
encies  is  its  simplicity.  The  method  is  easy  in  realisation 
and  created  model  can  be  implemented  into  most  of 
network  models  built  in  ATP-EMTP. 

The  hybrid  (analogue-digital)  character  can  be 
counted  as  the  disadvantage  of  the  proposed  model.  But 
this  problem  is  not  of  essential  importance  as  number  of 
computer  programs  which  enable  modelling  of  analogue 


modules  increases  quickly.  Proposed  model  created  in 
ATP-EMTP  can  be  easily  adapted  to  other  computer 
programs. 
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A  combination  of  Geometric  Theory  of  Diffrac¬ 
tion  (UTD)  and  Method  of  Moments  (HoH)  called  Hy¬ 
brid  Method  (SH)  will  be  presented.  This  combination 
makes  it  possible  to  derive  benefits  from  the  advan¬ 
tages  of  both  methods,  UTD  and  MoM.  One  advantage 
of  the  HM,  the  extended  possibilities  for  near  field  cal¬ 
culation,  will  be  presented. 

1  Introduction 

The  Uniform  Geometric  Theory  of  Diffraction 
(UTD)  is  a  very  efficient  tool  for  EMC  field  analysis 
in  high  frequency  (HF)  region.  In  technical  arran¬ 
gements  the  UTD  is  used  for  frequencies  starting  at 
1  GHz.  So  UTD  is  especially  used  for  EMC  problems  in 
arrangements  with  radar  antennas.  For  many  other 
methods  it  is  necessary  to  discretise  the  space,  the 
bodies  or  the  surface  of  the  bodies  in  the  field  re¬ 
gion.  For  using  UTD  no  discretisation  is  necessary. 


Therefore  the  storage  and  the  calculation  time  are 
independent  of  the  electric  size  of  the  bodies  (size  in 
terms  of  the  wave  length  A).  One  problem  is  that 
near  to  field  sources  longitudinal  field  components 
appear.  UTD  cannot  calculate  them.  EMC  analysis 
in  near  field  is  not  possible. 

Another  powerful  tool  for  HF  field  analysis  is  gi¬ 
ven  by  the  Method  of  Moments  (MoM)  [1,  7].  For 
using  MoM  the  surface  of  the  bodies  in  field  region 
has  to  be  modeled  by  patches.  The  discretisation 
has  to  be  small  in  terms  of  the  wave  length.  With 
MoM  near  field  analysis  is  possible.  One  disadvan¬ 
tage  of  this  method  is  caused  by  the  discretisation, 
when  changing  the  frequency  /.  The  impedance  ma¬ 
trix  describing  the  coupling  process  increases  ~  f4, 
the  calculation  time  increases  ~  /6  [2,  8].  The  ap¬ 
plication  of  MoM  to  complex  arrangements  is  mostly 
limited  by  computer  power.  Electrically  large  arran¬ 
gements  cannot  be  examinated. 


2.  MoM- 
field  area 


Fig.  1:  Principle  of  the  Hybrid  Method. 
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Combining  both  methods,  UTD  and  MoM,  delivers 
the  possibility  to  calculate  arrangements  of  both, 
electrically  small  and  electrically  large  bodies.  Es¬ 
pecially  field  calculations  near  to  antennas  can  be 
performed.  This  combination,  called  Hybrid  Method 
(HM),  was  founded  by  Ekelman  and  Thiele  [3].  More 
investigations  were  made  by  the  authors  [4]  and  other 
scientists  [6,  9]. 

2  Hybrid  Method 

In  the  arrangement  which  has  to  be  analysed  by 
HM  (Fig.  1),  there  can  be  several  MoM  field  areas  and 
several  large  bodies  (UTD-scatterer).  For  explanation 
only  MoM  area  1.  and  the  cylinder  will  be  regarded. 
In  a  first  step  of  the  calculation  the  large  bodies  are 
ignored.  Their  influence  will  be  considered  by  UTD 
in  a  second  step.  The  MoM  area  is  handled  as  usual 
in  MoM.  The  antenna  wires  have  to  be  discretised  and 
an  equation  system  is  built  up.  The  elements  of  the 
impedance  matrix  describe  the  direct  influ¬ 

ence  of  the  current  basis  functions  on  the  segment 
voltages  (Eq.  1): 

=  a) 

The  rest  of  the  arrangement  is  given  by  electrically 
large  bodies.  They  cannot  be  handled  by  MoM.  Their 
influence  on  the  current  distribution  will  be  calcula¬ 
ted  by  UTD.  These  bodies  will  be  called  UTD  scatterers. 
The  current  basis  functions  cause  fields  which  are  re¬ 
flected,  diffracted  and  propagated  as  creepy  waves  on 
the  surface  of  the  UTD  scatterers.  Maybe  these  scat¬ 
tered  fields  hit  again  the  MoM  structure  (Fig.  1).  They 
produce  an  additional  segment  voltage.  For  that  re¬ 
ason  an  additional  equation  system  with  an  second 
impedance  matrix  [^rvrf  i®  built  up: 

muNT£  ■  Wn,  i  =  \muNTiD-  (2) 

The  direct  field  components  are  neglected.  They 
are  already  considered  in  the  impedance  matrix 
To  take  into  account  all  couplings  the  equa¬ 
tion  systems  are  added: 

\m^iM+muNTiD  =  i,  (3) 

i\Z\ N?N*  +  IZIn^n)  ’  UN,1  =  [tfjjV.l-  (4) 

After  solving  the  resulting  equation  system  the  cur¬ 
rents  on  the  MoM  structures  are  known.  Now  it  is 
possible  to  calculate  the  field  at  every  point  in  space 
by  a  superposition  of  the  field  parts  of  every  current 
basis  function.  For  doing  that,  the  scattering  of  the 
fields  at  the  UTD  bodies  have  to  be  considered  again. 
More  detailed  information  can  be  found  in  [3,  4]. 

3  Near  Field  Analyses 

Many  comparisons  have  been  made  between  re¬ 
sults  of  MoM  field  analyses,  HM  field  analyses  and  measu¬ 


rements  [5].  There  has  always  been  a  good  agreement 
between  the  results. 

Usually  these  comparisons  have  been  made  made 
for  far  field.  It  still  remains  the  question  whether  this 
good  agreement  of  the  results  of  MoM  and  HM  can  also 
be  found  in  the  near  field.  To  answer  this  question  in 
a  first  step  the  fields  of  MoM  and  HM  for  a  single  current 
basis  function  are  compared.  The  results  (not  given 
here)  show  good  agreements  between  both  methods. 


Fig.  2:  Vertical  antenna  diagrams  of  a  A/2-dipole 
in  a  distance  of  A  parallel  above  the  surface  of  an 
infinite  plane.  The  diagrams  present  the  radial  or 
respectively  the  longitudinal  field  components  for  a 
distance  of  s  =  0.5  A. 


Fig.  3:  Vertical  antenna  diagrams  of  a  A/2-dipoIe 
in  a  distance  of  A  parallel  above  the  surface  of  an 
infinite  plane.  The  diagrams  present  the  radial  or 
respectively  the  longitudinal  field  components  for  a 
distance  of  s  —  0.3  A. 
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3.1  Dipole  above  infinite  plane 

In  a  next  step,  a  discretised  structure  and  a  scatte¬ 
ring  process  is  used  for  the  test.  The  arrangement 
is  chosen  as  follows:  A  A/2-dipole  is  positioned  in  a 
distance  of  A  above  an  infinite  plane.  The  field  is 
calculated  at  cycles  around  the  loading  point  of  the 
dipole.  The  radiuses  of  the  cycles  are  0.5  A  and  0.3  A. 
Fig.  2  and  Fig.  3  show  the  results  of  the  calculations. 
The  diagrams  represent  the  radial  or  respectively  the 
longitudinal  field  components.  As  a  reference  the  ra¬ 
dial  field  of  the  dipole  in  free  space  is  shown  ( - ). 

The  results  of  MoM  (—  — )  and  HM  ( - )  are  nearly 

the  same.  No  difference  can  be  seen  in  the  diagrams. 

3.2  Yagi-Uda  antenna  with  scatterers 


z 


y 

v * 


Fig.  4:  Model  of  Yagi-Uda  antenna. 

Now  results  for  a  complex  arrangement  are  presen¬ 
ted.  A  Yagi-Uda  antenna  according  to  Fig.  4  is  built 
up.  It  is  loaded  by  a  voltage  source  of  1 V  at  a  fre¬ 
quency  of  1  GHz.  For  demonstration  the  main  loop 
of  the  free  space  antenna  diagram  points  in  the  di¬ 
rection  of  different  scattering  objects.  In  the  first 
example  an  infinite  plane  is  used  as  a  a  scatterer 
(Fig.  5).  The  distance  between  the  loaded  dipole 
and  the  surface  is  3  A. 


Fig.  5:  Yagi-Uda  antenna  in  front  of  an  infinite  plane. 


free  space  — - 


Fig.  6:  Horizontal  antenna  diagrams  of  the  Yagi-Uda 
antenna  for  a  distance  of  2A,  scaled  to  the  maximum 
of  the  field  in  free  space. 


Horizontal  antenna  diagrams  for  this  arrangement 
are  calculated  (Fig.  6  and  Fig.  7).  The  loaded  dipole 
is  in  the  center  of  the  cycle  for  the  field  calculati¬ 
ons.  The  first  cycle  has  a  radius  of  2A  in  order  to 
be  in  the  near  field  of  the  antenna.  These  results 
are  presented  in  Fig.  6.  As  a  reference  the  thick  so¬ 
lid  line  ( - )  represents  the  field  of  the  antenna 

in  free  space.  The  results  are  scaled  to  the  maxi¬ 
mum  of  this  curve.  Line  (—  — )  represents  the  field 

distribution  for  the  antenna  in  front  of  the  infinite 


free  space . 


Fig.  7:  Horizontal  antenna  diagrams  of  the  Yagi-Uda 
antenna  for  a  distance  of  20A,  scaled  to  the  maximum 
of  the  field  in  free  space. 
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infinite  plane.  Field  strength  in  a  plane  (6A  x  6A) 
0.5A  above  the  surface  of  the  body.  Maximum  field 
strength  Emax  =  5.33  V/m.  HM  result. 

plane.  This  arrangement  can  be  calculated  by  the 
HM  as  well  as  by  the  MoM  using  the  mirror  principle. 
The  thick  dashed  line  (—  — )  represents  the  fields  of 

both  methods,  the  results  are  equal. 

As  pointed  out  it  is  not  possible  for  MoM  to  solve 
problems  with  complex  large  bodies.  Therefor  an 
HM-analysis  was  done  with  the  Yagi-Uda  antenna  in 
front  of  a  cylinder  instead  of  the  plane.  In  the  first 
example  the  cylinder  has  a  radius  of  10 A  and  a  length 
of  8A.  Nearly  no  difference  for  the  near  field  of  the 
antenna  was  found  compared  to  the  example  with  the 
infinite  plane  (of  course  the  far  field  diagram  is  very 


linder.  Field  strength  in  a  plane  (6A  x  6A)  0.5A  above 
the  surface  of  the  body.  Maximum  field  strength 
Emax  =  5.82  V/m.  HM  result. 


infinite  plane.  Field  strength  in  a  plane  (6A  x  6A) 
0.1A  above  the  surface  of  the  body.  Maximum  field 
strength  Emax  =  11.28  V/m.  HM  result. 

different).  For  that  reason  a  cylinder  with  a  radius  of 
A  and  a  length  of  8A  was  chosen.  A  clear  difference 
can  be  seen  between  the  curve  for  the  plane  and  the 
curve  for  the  cylinder  ( - ). 

To  complete  the  comparisons  diagrams  have  also 
been  calculated  for  a  distance  of  20  A  which  are  shown 
in  Fig.  7.  Again  the  fields  are  scaled  to  the  results 
of  the  antenna  in  free  space.  Because  of  the  larger 
distance  from  the  antenna  the  scattered  field  com¬ 
ponent  and  the  direct  field  component  have  nearly 
the  same  value.  So  the  influence  of  the  scattered 
field  on  the  field  distribution  is  much  bigger,  greater 


a  cylinder.  Field  strength  in  a  plane  (6A  x  6A) 
0.1A  above  the  surface  of  the  body.  Maximum  field 
strength  Emax  =  10.90  V/m.  HM  result. 
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difference  can  be  seen  between  the  three  curves. 

The  diagrams  of  Fig.  6  and  Fig.  7  represent  the 
near  field  of  the  MoH-field  area.  In  the  following  a 
look  on  the  near  field  of  the  UTD  bodies  will  be  done. 
The  field  strength  in  a  plane  of  6A  x  6A  parallel  to 
the  surface  of  the  scattering  body  is  calculated. 

The  distance  between  the  calculation  plane  and 
the  surface  of  the  body  is  0.5  A  (Fig.  8,  Fig.  9)  and 
0.1  A  (Fig.  10,  Fig.  11).  The  calculations  are  also 
carried  out  for  the  antenna  in  free  space  to  have  a 
reference.  Comparisons  are  made  between  the  results 
of  MoM  and  HM  for  the  arrangement  with  the  infinite 
plane.  No  difference  can  be  seen  in  the  diagrams. 
The  results  for  the  field  calculation  with  the  cylinder 
(Fig.  9  Fig.  11)  can  only  be  done  by  HM. 

4  Conclusion 

The  simple  example  of  the  dipole  shows  that  it 
is  possible  to  calculate  near  fields  for  arrangements 
of  antennas  and  electrically  large  bodies  by  the  Hy¬ 
brid  Method.  The  example  with  the  Yagi-Uda  an¬ 
tenna  demonstrates,  that  near  field  calculations  are 
also  feasible  for  arrangements  which  are  much  more 
complicated.  In  realistic  applications  normally  there 
would  be  no  scatterer  in  the  direction  of  the  main 
radiation  direction.  But  also  a  scattering  body  in 
the  side  loops  will  have  influence  on  the  antenna  pa¬ 
rameters. 

The  restrictions  for  HM  near  field  analyses  are  es¬ 
pecially  given  by  the  MoM  part.  The  discretisation 
has  to  be  small  in  terms  of  the  distance  to  the  MoM- 
field  area  and  the  thin  wire  model  has  to  be  valid  for 
this  part. 
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Abstract  The  coupling  of  electromagnetic  fields  to 
shielded  cables  is  to  be  considered  as  one  of  the  most 
important  aspects  in  EMC  (Electromagnetic  Com¬ 
patibility)  system  analysis.  Normally,  the  shielding 
quality  of  a  shielded  multiconductor  cable  is  best  de¬ 
scribed  by  its  peculiar  vectors  of  transfer  impedances 
and  transfer  admittances.  To  determine  both  of 
these  coupling  parameter  vectors,  a  straightforward 
method  which  is  based  on  combining  the  method  of 
moments  and  transmission  line  analysis  with  ex¬ 
perimentally  obtained  data  is  presented  in  this  pa¬ 
per.  Thereby,  the  role  of  transfer  admittances  or 
radial  electric  coupling  coefficients,  respectively,  is 
focused. 


1.  INTRODUCTION 

A  lot  of  contributions  have  been  made  by  the  scien¬ 
tific  community  to  investigate  the  coupling  of  elec¬ 
tromagnetic  fields  to  shielded  cables.  Due  to  the  dif¬ 
ficulty  of  the  underlying  physical  principles,  experi¬ 
mental  methods  of  measuring  the  coupling  parame¬ 
ters  have  become  increasingly  important.  Unfortu¬ 
nately,  a  majority  of  the  workers  restrict  themselves 
to  the  contribution  of  the  transfer  impedances  to  the 
coupling  process.  For  this  reason,  a  lack  of  certainty 
remains  about  the  influence  of  transfer  admittances 
under  these  circumstances. 

Here,  a  new  approach  is  presented  taking  into  ac¬ 
count  both  sets  of  parameters  Z'T  and  Y'T.  Following 
a  proposal  from  BroydS  et  al  [1],  a  vector  of  radial 
electric  coupling  coefficients  Cr  is  put  forward  to  re¬ 
place  the  vector  of  transfer  admittances  Y'T  in  the 
range  of  high  frequencies.  The  outer  electromagnetic 
impact  on  the  shield  of  the  cable  within  a  clearly  de¬ 
fined  test  fixture  is  computed  using  the  method  of 
moments  (MoM)  and,  secondly,  included  into  trans¬ 
mission  line  theory.  In  this  way,  the  main  equation 


for  the  evaluation  of  both  coupling  parameter  vec¬ 
tors  Z'T  and  Cr  is  derived.  This  theory  is  summa¬ 
rized  in  the  second  chapter.  The  third  section  is 
directed  to  the  description  of  the  experimental  fix¬ 
ture.  Finally,  in  chapter  4  the  results  obtained  so  far 
are  discussed  while  concentrating  on  the  quality  of 
the  cable  shield  on  the  one  hand  and  the  geometry 
of  the  inner  conductors  on  the  other  hand. 


2.  MODELING 


In  the  following,  the  analytical  description  of  the 
coupling  process  is  developed.  All  equations  refer  to 
the  frequency  domain  with  sinusodial  field  excita¬ 
tion.  Applying  the  definition  of  transfer  impedance 
and  transfer  admittance  from  Vance  [2]  to  a  shielded 
multiconductor  cable  yields: 


7,  _  1  dV(z) 
Zt~I s'-dT 


Y'  — 
1 T  ~ 


dl(z) 


dz 


v=o 


(la) 

(lb) 


Z'T  and  Y't  denote  two  vectors  of  the  dimension  N 
while  N  refers  to  the  number  of  inner  conductors  of 
the  cable.  In  this  way,  one  transfer  impedance  and 
one  transfer  admittance  is  assigned  to  each  of  the 
inner  conductors.  The  two  vectors  V(z)  and  I(z) 
symbolize  the  N  voltages  between  the  inner  con¬ 
ductors  and  the  shield  or  the  N  currents  running 
on  these  conductors  of  the  cable,  respectively.  The 
common-mode  current  Is  runs  on  the  shield  of  the 
cable  and  the  voltage  between  the  shield  and  the 
reference  ground  is  named  Vs- 
According  to  [1]  a  vector  of  dimensionless  radial 
electric  coupling  coefficients  Cr  is  defined  by: 


Y't  =  1  dl(z) 
juiC's  ~  I'D  dz 


(2) 
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By  relating  the  transfer  admittances  Y’T  to  the 
per-unit-length  capacitance  C's  between  the  shield 
and  the  reference  ground,  a  vector  Cr  is  defined 
which  solely  depends  on  the  type  of  cable  being  con¬ 
sidered.  Alternatively,  £R  is  figured  out  from  the  di¬ 
vision  of  the  per-unit-length  induced  currents 
by  the  per-unit-length  displacement  current  I'D  im¬ 
pinging  the  shield.  See  Fig.  1  for  the  details  of  the 
coupling  interaction  to  a  coaxial  cable. 


Figure  1:  Coupling  to  a  coaxial  cable 

As  shown  in  the  figure  a  short  section  of  the  cable 
within  an  exterior  electromagnetic  field  is  influenced 
by  the  per-unit-length  displacement  current  I'D{z) 
impinging  the  shield  as  well  as  by  the  current  Is(z) 
running  on  the  shield.  Both  currents  I'D{z)  and 
Is{z)  are  related  by  the  continuaty  equation: 

is  (z)  =  -ju  Q's  (z)  =  rD{z)  .  (3) 

The  coordinate  z  extends  along  the  the  cable 
while  Q's  stands  for  the  total  per-unit-length  sur¬ 
face  charge  density  on  the  shield.  The  induced  volt¬ 
ages  V  ( z )  and  currents  I(z)  on  the  inner  conductors 
are  got  from  the  transmission-line  equation  [3] : 

±  fV{z)\  = 

dz  \  I (z)  ) 


A 


which  leads  to  the  solution  [3]: 


*(0 


+h ,(a!,-»;Qi11  -  (6) 
0  •(»-*) 

The  distributed  voltage  sources  V'F(z)  and  cur¬ 
rent  sources  I 'F(z)  along  the  transmission  line  are 
dependent  on  the  coupling  parameters  Z 'T  and  £R 
and  the  currents  I'D{z)  and  Is(z ): 

Vp(z)  =  Z T  •  ls(z)  ,  I F(z)  =  •  I'd(z)  .  (6) 


The  outer  influence  Is{z),  I'd(z)  on  the  cable  is  as¬ 
sumed  to  be  calculable  from  numerical  analysis  using 
the  MoM.  Actually,  modern  computer  implementa¬ 
tions  of  the  MoM  will  cover  almost  every  arrange¬ 
ment  of  direct  electromagnetic  field  coupling  to  ca¬ 
bles.  Therefore,  evaluating  the  second  part  on  the 
right-hand  side  of  equation  (5)  yields: 

«)-«■  ra*»  a  ■  ™ 

using  the  abbreviation: 

©(0  =  (8) 

(  f*n(.l-z)Is(z)dz  f*u(l-z)I'D(z)dz\ 

0  0 

,  f  *21  ( l-Z )  Is(z)  dz  f  *22 z)  I'D(z)  dz 

\o  o  / 

Measuring  the  voltage  vectors  V(0)  and  V(Z)  and 
evaluating  equation  (7)  give  way  to  the  determina¬ 
tion  of  both  coupling  parameter  vectors  Z'T  and 
Therefore,  a  appropriate  experimental  fixture  is  to 
be  designed.  These  aspects  are  covered  by  the  fol¬ 
lowing  section. 


3.  MEASUREMENT  SET-UP 


The  experimental  set-up  is  shown  in  Fig.  2.  For  the 
sake  of  simplicity,  again,  the  cable  under  test  (CUT) 
being  displayed  is  a  coaxial  one.  The  CUT  forms  a 
semicircle  with  a  diameter  of  about  50  cm  over  a 
conducting  plane.  The  cable  is  terminated  at  its  be¬ 
ginning  and  its  end  by  the  two  admittances  Y\  and 
Y2y  repectively.  A  simple  implementation  of  the  ar¬ 
rangement  is  achieved  by  using  the  metallic  wall  of 
a  shielded  room  for  the  reference  plane.  So,  the  cou¬ 
pling  between  the  test  fixture  and  the  measurement 
equipment  is  minimized  [4], 

The  structure  is  excited  by  a  wire  antenna  of 
about  30  cm  height  which  is  positioned  at  a  dis¬ 
tance  of  about  25  cm  from  the  left  connection  point 
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of  the  CUT.  The  ratio  of  the  voltages  V (0)/Vo  and 
V (/)  /Vo>  respectively,  is  measured  using  a  HP  4195  A 
network  analyser  over  a  frequency  range  from  1  MHz 
up  to  100  MHz.  The  maximum  of  the  voltage  Vo  at 
the  feeding-point  of  the  antenna  is  about  1  V,  effec¬ 
tively. 

A  corresponding  model  of  the  set-up  is  built  for 
analysis  using  the  MoM.  Thereby,  the  CONCEPT  II 
computer  code  from  the  Department  of  Theoretical 
Electrical  Engineering  at  the  University  of  Hamburg- 
Harburg  is  utilized.  The  resulting  representation 
consists  of  19  wires  (modeling  the  semicycle  by  use  of 
a  polygon)  with  58  unknowns  for  the  current.  Com¬ 
ing  next,  the  current  distribution  Is(-z),  Tz^z)  on 
the  shield  of  cable  is  extracted  from  the  output  data 
of  concept  ii.  After  the  matrix  ©(f)  has  been  com¬ 
puted  numerically  from  equation  (8),  the  coupling 
parameters  are  finally  obtained  from  equation  (7). 

Considering  a  shielded  multiconductor  cable  with 
a  number  of  N  inner  conductors,  overall  2  •  N  mea¬ 
surements  have  to  be  made.  Step  by  step,  the  in¬ 
duced  voltage  between  each  of  the  inner  conductors 
and  the  shield  is  measured  at  both  ends  of  the  cable 
while  all  other  inner  conductors  axe  open  circuited. 
Consequently,  a  system  of  linear  equations  of  the  di¬ 
mension  2  •  IV2  is  derived  from  equation  (7).  Solving 
that  system  numerically  yields  the  2  N  •  (N  —  1)  volt¬ 
ages  of  the  open  circuited  inner  conductors  at  the 
beginning  of  the  cable.  Additionally,  both  coupling 
parameter  vectors  Z'T  and  Cr  are  obtained. 

4.  RESULTS 

Two  major  issues  are  discussed  within  this  section. 
In  the  first  place,  the  scalar  coupling  parameters  Z'T 
and  C,r  of  coaxial  cables  are  investigated  for  their  de¬ 
pendency  upon  the  optical  coverage  K  of  the  shield. 
The  measured  values  of  the  radial  electric  coupling 
coefficients  Cfi  are  compared  with  those  obtained 
from  analytical  formulas. 

Secondly,  the  vector  of  radial  electric  coupling  co¬ 
efficients  £r  of  a  LiYCY  7x0.14  mm2  shielded  mul¬ 
ticonductor  cable  are  displayed. 


Name 

K 

NS 

G 

a 

RG  58-0 

76  % 

5 

16 

27° 

RG  58-1 

65  % 

4 

16 

27° 

RG  58-2 

52  % 

3 

16 

27° 

RG  58-3 

37  % 

2 

16 

27° 

RG  213-0 

90% 

8 

24 

24° 

RG  213-1 

84% 

7 

24 

24° 

RG  213-2 

76  % 

6 

24 

24° 

RG  213-3 

67% 

5 

24 

24° 

RG  213-4 

57% 

4 

24 

24° 

Table  1:  Properties  of  the  modified  shields 


4.1  Coupling  to  lousy  shielded  coaxial  cables 

A  sample  of  coaxial  cables  of  the  type  RG  58  and 
RG  213  has  been  modified  in  order  to  reduce  the 
optical  coverage  K  of  the  shield.  The  particular 
shielding  properties  of  each  of  the  cables  are  shown 
in  Table  1. 


Frequency  [MHz] 

Figure  3:  Magnitude  of  the  transfer  impedance  Z'T , 
coaxial  cables  with  modified  shield 

Here,  N$  refers  to  the  number  of  strands  per  car¬ 
rier,  G  denotes  the  number  of  carriers  itself  and 
a  denotes  the  weave  angle.  The  magnitude  of  the 
transfer  impedances  Z'T  belonging  to  the  cables  of 
the  type  RG  58-a;  is  shown  in  Figure  3.  ( x  denotes 
the  number  of  strands  removed  from  each  carrier.) 
It  can  be  clearly  seen,  how  the  magnitude  of  the 
transfer  impedance  Z'T  increases  while  the  optical 
coverage  K  of  the  shield  decreases. 


Phase  [°] 


Frequency  [MHz] 


Figure  4:  Phase  of  the  transfer  impedance  Z'T ,  coax¬ 
ial  cables  with  modified  shield 

Generally,  the  corresponding  phase  which  is  shown 
in  Fig.  4  varies  from  0°,  approximately,  at  1  MHz  to 
between  —80°  and  —100°  at  40  MHz.  Above  the 
latter  frequency  the  values  are  influenced  by  reso¬ 
nance  phenomena  which  are  difficult  to  compensate. 
Considering  the  RG  58-0  and  RG  58-1,  at  frequen¬ 
cies  below  2  MHz  the  signal  intensity  falls  below  the 
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noise  level. 

Nevertheless,  the  obtained  values  are  showing 
good  agreement  with  the  results  obtained  by  other 
authors.  The  signal  to  noise  ratio  might  be  improved 
by  injecting  the  current  Is  directly  to  the  shield  of 
the  cable  [5].  But  doing  so,  the  influence  of  the 
transfer  impedance  Z'T  will  not  be  separated  that 
easily  from  the  influence  of  the  radial  coupling  coef¬ 
ficient  Cfl- 

The  magnitude  of  the  radial  electric  coupling  co¬ 
efficient  is  shown  in  Fig.  5.  Again,  the  magnitude 
of  the  coupling  parameter  £r  is  much  increased  by 
reducing  the  optical  coverage  K  of  the  shield.  Differ¬ 
ent  from  the  transfer  impedance  Z'T  the  magnitude 
of  the  radial  coupling  coefficient  C,r  is  constant  from 
1  MHz  to  40  MHz,  approximately.  The  deviation 
at  higher  frequencies  above  40  MHz  is  due  to  the 
resonances  of  the  test  set-up. 


Magnitude 


Figure  5:  Magnitude  of  the  radial  electric  coupling 
coefficient  Cr,  coaxial  cables  with  modified  shield 


Phase  [°] 


Figure  6:  Phase  of  the  radial  electric  coupling  coef¬ 
ficient  coaxial  cables  with  modified  shield 

Additionally,  Fig.  6  shows  that  the  phase  of  the 
radial  electric  coupling  coefficient  Ch  equals  0°  up  to 
frequencies  above  50  MHz.  Recalling  that: 

Yr  =  jw  C'a  •  Cr  ,  (9) 


the  real  part  of  the  transfer  admittance  Yf  becomes 
zero.  This  observation  fully  complies  with  litera¬ 
ture  [2]. 

A  comparison  of  the  measured  values  of  the  ra¬ 
dial  electric  coupling  coefficient  Cr  with  the  analyt¬ 
ical  formula  from  [6]  is  shown  in  Fig.  7.  The  aver¬ 
age  of  the  measured  results  concerning  the  cables  of 
the  type  RG  58-z  (marked  as  “+”)  and  RG  213-a: 
(marked  as  “♦”)  have  been  computed.  Although  the 
overall  concurrence  is  poor,  the  analytical  expression 
yields  an  upper  limit  for  the  radial  electric  coupling 
coefficient  to  be  expected  actually. 


Magnitude 


Figure  7:  Comparison  of  the  measurement  results 
with  the  analytical  formula  for  the  calculation  of  the 
radial  electric  coupling  coefficient  £r  from  [6] 


4.2  Coupling  to  a  shielded  multiconductor  cable 

In  the  second  place,  the  radial  electric  coupling  co¬ 
efficients  of  a  LiYCY  7x0.14  mm2  shielded  mul¬ 
ticonductor  cable  are  investigated. 

Central  inner  conductor 


Peripheral  inner  conductors 

Figure  8:  Cross-sectional  structure  of  the  cable 
LiYCY  7x0.14  mm2 

The  cross-sectional  structure  of  the  cable  is  shown 
in  Fig.  8.  Six  peripheral  inner  conductors  are  spiral- 
wound  on  the  circumference  of  one  central  inner  con¬ 
ductor.  For  this  reason,  the  central  inner  conductor 
gets  extra  shielding  with  respect  to  external  fields. 
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Magnitude 


Frequency  [MHz] 


Figure  9:  Magnitude  of  the  radial  electric  coupling 
coefficients  LiYCY  7x0.14  mm2  shielded  multi¬ 
conductor  cable 

These  circumstances  are  clearly  represented  by  the 
measured  results.  The  magnitude  of  the  coupling  pa¬ 
rameter  vector  Cfl  is  displayed  in  Fig.  9.  The  element 
of  the  vector  which  is  associated  with  the  central 
inner  conductor  is  considerably  less  compared  with 
the  other  elements. 

Additionally,  Fig.  9  shows  that  the  remaining  ele¬ 
ments  of  the  vector  are  far  from  being  the  same. 
These  elements  are  grouped  together  in  pairs  of  the 
peripheral  inner  conductors  oppositing  with  regard 
to  the  central  inner  conductor.  At  present,  this  phe¬ 
nomenon  is  still  under  investigation. 


5.  CONCLUSIONS 

A  forthright  method  of  determining  the  coupling  pa¬ 
rameter  vectors  of  shielded  multiconductor  cables 
has  been  presented.  Both  vectors  of  the  transfer 
impedances  Z'T  and  the  transfer  admittances  Y'r  or 
the  radial  electric  coupling  coefficients  respec¬ 
tively,  are  obtained  from  one  unique  test  set-up.  Due 
to  the  widespread  availability  of  elaborated  com¬ 
puter  codes  realizing  the  MoM  (e.  g.  concept,  nec) 
and  the  uncomplicated  implementation  of  transmis¬ 
sion  line  theory  the  seemingly  disadvantageous  need 
of  numerical  field  calculation  is  fully  repaid  by  a  ro¬ 
bust  test  fixture.  The  application  to  shielded  multi- 
conductor  cables  is  fully  covered  by  this  method. 

The  dependence  of  the  capacitive  coupling  to  a 
shielded  cable  on  the  quality  of  the  shield  has  been 
investigated.  A  new  set  of  radial  electric  coupling 
coefficients  Cr  has  been  found  which  might  give  way 
to  an  improved  analytical  modelling  of  the  coupling 
interaction. 

Future  investigations  will  examine  the  influence  of 
discontinuous  sections  along  the  cable  such  as  con¬ 
nectors  and  imperfections  of  the  shield. 
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In  this  paper  a  new  method  for  calculating 
electromagnetic  fields  inside  human  body  is  presented. 
The  method  is  based  on  method  of  moments  (MoM) 
solution  applied  to  so  called  Mixed  Potential  Integral 
Equation  (MPIE)  developed  for  a  Body-Of  Revolution 
(BOR)  case.  The  simplification  concerning  assuming 
rotational  symmetry  of  the  body  allows  to  significantly 
reduce  the  number  of  unknowns  involved  in  the  solution 
process  via  well-known  mode  decomposition  scheme. 
Verification  of  the  method  together  with  sample  results 
is  presented. 

1 .  INTRODUCTION 

The  problem  of  theoretical  prediction  of 
electromagnetic  fields  induced  inside  human  head  has 
been  recently  extensively  studied  by  many  authors 
because  of  its  importance  in,  for  example,  mobile 
telephones  applications.  Various  numerical  techniques 
are  used  to  more  or  less  exactly  model  human  head, 
which  include  finite  elements  methods  (FEM),  finite- 
differences-time-domain  (FDTD)  method,  transmission- 
line-matrix  (TLM)  method  and  the  method  of  moments 
(MoM). 

It  must  be  remembered  that  in  high  frequency 
applications  only  rigorous  solutions  of  Maxwell 
equations  are  acceptable,  therefore  no  simple 
asymptotic  techniques  could  be  used. 

The  existing  solutions  could  be  groped  into  two 
main  classes: 

1 )  Homogeneous  models,  in  which  the  human  body  is 
considered  as  consisting  of  one  type  of  lossy 
dielectric  material  with  medium  dielectric 
permittivity  and  conductivity; 

2)  Heterogeneous  models  in  which  complex  dielectric 
constant  is  the  function  of  observation  point  position 
inside  the  body. 

In  the  first  attitude  usually  surface  integral  equations 
(SIE)  are  applied  which  are  typically  solved  by  the 
method  of  moments.  Such  solutions  do  not  require  a 
great  computational  power,  they  however  give  rather 
crude  estimation  of  real  fields  inside  human  body. 


The  second  attitude  gives  the  perfect  field 
prediction,  however  it  requires  very  fast  computers  with 
big  memory  resources.  Usually  supercomputers  or  at 
least  high-class  workstation  must  be  used,  however 
even  then  computation  times  may  reach  several  hours  or 
even  days. 

In  this  work  some  kind  of  intermediate  solution  is 
proposed.  The  author  makes  a  simplification,  which 
assumes  rotational  symmetry  of  the  human  head,  which 
is  of  course  far  from  realistic  model.  However 
heterogeneous  distribution  of  dielectric  parameters  is 
allowed,  which  allows  for  example  to  distinguish 
different  tissue  layers.  With  the  use  of  above 
assumptions  simple  and  efficient  method  is  constructed 
which  enable  modeling  of  human  head  with  extremely 
small  number  of  unknown  coefficients.  The  procedure 
is  validated  by  comparisons  with  analytical  solutions, 
which  exist  for  simple  shapes,  like  dielectric  spheres  or 
layered  dielectric  spheres. 

Sample  calculations  for  typical  model  human  head 
are  presented. 

2.  METHOD  OF  CALCULATIONS  [7] 

2.1.  Volume  Integral  Equation 

Let  us  assume,  that  a  lossy,  inhomogeneous, 
dielectric  body  with  the  volume  V  and  complex 
dielectric  constant  £(r)  =  £{r)- ja{r)l co  where  c  and 
a  are  the  medium  permittivity  and  conductivity  at 

position  r,  is  illuminated  by  an  incident  field  E' , 
defined  as  the  field  in  the  absence  of  the  body. 

In  the  presence  of  the  body  the  total  electric  field 
consists  of  ..incident”  and  ..scattered”  field: 

E(r)=E'(r)+E'(r)  (I) 

the  former  being  excited  by  the  polarization  current  J. 

j(r)=/4f(r)-£-0  ]e(t  ) .  (2) 

The  scattered  field  E'  is  related  to  the  polarization 
current  J  through  the  following  formulas: 
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E'(r)  =  -_/ft>A(r)- Vd>(r) 
A(r)=^jrj(r')G’{r,r'Vv' 

4  7T 

1 —  J(  -  ^(r')a(r,  r*>7v' 

4  m:n 


G’(r,  r')=  — 


-  /*ulr-r1 


K  =(Oy[i'n/.i0  =2n/Z(.  (7) 

The  charge  density  q(r)  is  related  to  the  polarization 
current  in  (2)  by  the  continuity  equation: 

V-j(r)=-ya*/(r).  (8) 

liquation  ( 1 )  is  in  fact  the  integro-differential 
equation  for  the  polarization  current  J.  However, 
following  [3],  it  is  convenient  to  take  as  the  unknown 
quantity  the  electric  flux 

D  =  sE  (9) 

which  has  a  continuous  normal  component  at  media 
interfaces  and  is  divergenceless.  This  second  feature 
will  be  extensively  used  in  the  construction  of  basis  and 
testing  functions. 

We  can  now  express  J  in  terms  of  D: 

j(r)=  ./Ytwr(r)D(r)  (10) 

where  we  define  the  contrast  ratio : 

(11) 

c{r) 

which  accounts  for  discontinuities  in  the  normal 
component  of  J  at  media  interfaces. 

2.2.  Expansion  of  VIE  into  modes 


Taking  advantage  of  this  feature,  we  can  expand  all 
currents,  fields  and  scalar  Green’s  functions  in  Fourier 
series  in  4>.  Thus,  we  have 

e'=  £e;„o t-K'*  g2) 

///=— 00 

j=  (13) 

m-—  »:• 

D  =  £d  Sp^V'"*  (14) 

m= -go 

G{p,z,p\s\4-j')  = 

(,5) 

A  2.71  ///=— O? 

Gm (p. z,p',z')=  G’(p,  r.  p‘ ,z\a>y  """ da  (16) 

The  expansion  (15)  follows  from  the  fact,  that  R-  jr  - 
r’|  is  periodic  in  the  variable  (<|)  -  <jfi). 

Substituting  the  expansions  into  formulas  ( 1 )  to  ( 10) 
and  invoking  the  ortogonality  of  azimuthal  harmonics, 
we  get 

E„,(A:)=E:,(A:)+e:,(/),;)  (17) 

J  m  ( P •  4  =  -  )-  Co  ]E)(i  (p.  =)  (18) 

E,'„(a  -)  =  -j(aAm{p,s)-  V (p,  r)  (19) 

where 

A>»=^L -rmJmp'd>'  (20) 

i—  ttl  r—  /W  t->  Wl 

_  1  pp  1  />-  1  /»«* 

l-1  T-  III  ¥— 1  ///  p  Ul  

1  III  ~  1  r/>  1  "  1  ~ 

T—  ///  I-1  ///  p>  fll 


(Jp  to  this  point  we  have  made  no  use  of  the  fact  the 
body  of  interest  has  a  rotational  symmetry. 


G IH+ 1  G  m_\ 


Fig.  1 .  Body  of  revolution  and  coordinate  system. 


In  the  above  formulas  vector  components  are  taken 
in  the  (p,z,<)>)  order.  The  integration  in  (20)  is  on  the 
transverse  surface  of  the  BOR  (see  Figure  I). 

The  scalar  potential  is  defined  as 

tt'"=4 (22) 
where  the  electric  charge  density  qm  is  related  to  the 
current  J„,  through  the  equation 

y  >n  —  .  ^  in  4  in  — 

J(o 


i  r  i  (jp' ■>:;,) ,  (V 


.1(0  P  ('P 


!  '"hi  (  jp 
rl  p'  ’ 


In  equation  (23)  we  introduce  the  harmonic 
divergence.  Additionally  we  define  the  harmonic 
gradient  operator 

V„,0„,=pi^^+£^  +  ^0,„.(24) 

p  rp  rt  /? 
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2.3.  Basis  functions 


2.4.  Testing  Procedure 


As  mentioned  before,  the  electric  flux  has  been 
chosen  as  the  unknown  quantity  in  the  moment  method 
solution.  Thus,  we  have: 

D(r)=ZAf,(r)  (25) 

/=i 

or,  for  the  m-th  mode: 


Dw(/*z)  =  E0*,-fw/(p,z). 


where  N  is  the  total  number  of  basis  functions. 

The  main  purpose  in  the  process  of  basis  functions 
development  is  to  impose  on  the  basis  set  the  condition, 
that  D  is  divergenceless.  Satisfying  this  condition  allows 
to  reduce  the  total  number  of  unknowns. 

Thus,  we  have: 


1  d\Pfm  J 
P  dp 


-  +  ^ft=  0. 


It  is  easy  to  find,  that  for  all  modes  except  m=0  we 


can  derive  the  4>  component  of  fm  taking: 


It  means  that  in  the  process  of  solution  of  (17)  we 
can  deal  only  with  „transverse”  components.  It  is  the 
desired  feature  of  number  of  unknowns  reduction.  The 
zero-th  mode  has  to  be  treated  separately  and  the 
solution  for  this  case  will  be  discussed  later  on. 

Because  of  space  limitations  the  full  (complicated 
enough)  formulas  describing  basis  functions  will  not 
presented  here.  We  shall  only  state  that  two  kinds  of 
basis  functions  have  been  developed  during  this 
investigation,  depending  on  the  shape  of  surfaces  they 
are  defined  on.  These  are  basis  functions  on  rectangles 
and  basis  functions  on  triangles.  The  “triangle”  basis 
functions  are  better  suited  for  modeling  complicated 
shaped,  but  require  much  more  computation  effort,  and 
thus  computer  time. 


z  z 


a)  b) 

Fig.  2.  Discretization  of  the  transverse  plane  of  the 
body;  (a)  rectangular  basis  functions;  (b)  rectangular 
and  triangular  basis  functions. 


In  order  to  get  unknown  coefficients  of  the  electric 
flux  expansion  equation  (17)  must  be  tested  to  reduce  it 
to  the  set  of  simultaneous  linear  equations.  In  this  work 
the  Galerkin  procedure  has  been  applied,  together  with 
the  scalar  product  defined  as: 

(f,g)  =  jf-g*£/v  (29) 

v 

For  a  given  mode  we  can  perform  azimuthal 
integration  and  the  volume  integral  in  (29)  becomes  a 
surface  integral  on  “transverse”  area  of  the  body  shown 
in  Fig.  1. 

The  equation  (17)  after  ’’testing”  takes  the  form: 


which,  represents  the  desired  matrix  equation  with  the 
vector  of  unknown  coefficients. 

It  is  well  known  [4],  [5],  that  modal  Green's 
function  Gm  has  an  integrable  singularity.  Thus,  while 
calculating  „self  terms”  in  (30)  the  integrations  in  the 
immediate  vicinity  of  singular  points  must  be  performed 
analytically. 

2.5.  Zero-th  mode 

The  technique  of  basis  function  construction 
presented  above  cannot  be  used  in  the  case  of  m=0.  In 
this  case  however  it  can  be  noted  that: 

1)  there  is  no  charge  associated  with  the  azimuthal  field 

component, 

2)  G_,  =  G,,  so  the  p<()  and  ((ip  components  of  T  matrix 

(2 1 )  are  zero. 

Thus,  for  zero-th  mode,  equation  (17)  decouples  into 
two  independent  equations  concerning  transverse  and 
azimuthal  field  components.  These  equations  can  then 
be  solved  separately. 

Solving  the  equation  for  transverse  field  components 
the  author  has  used  the  same  transverse  field 
representation  as  in  the  previous  subsection.  However, 
one  must  remember,  that  basis  functions  constructed  in 
this  manner  are  no  longer  divergenceless.  This 
condition  must  now  be  enforced  numerically. 

The  equation  for  the  azimuthal  mode  has  very 
simple  form,  because  it  does  not  have  the  scalar 
potential  term.  In  present  work  it  has  been  solved 
numerically  using  pulse  basis  functions  and  the 
Galerkin  testing  scheme. 

Note,  that  because  of  the  equations  decoupling,  we 
never  have  to  solve  system  of  linear  equation  with  more 
unknowns,  than  in  the  case  of  non-zero  modes.  It  means 
that  the  main  advantage  of  the  method  is  in  this  case 
preserved. 
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3.  VERIFICATION  OF  THE  METHOD 

In  order  to  check  the  method  described  in  the 
previous  section,  it  has  been  applied  to  some  problems, 
For  which  solutions,  either  analytical  or  numerical, 
obtained  by  other  authors  are  available.  Most  of  those 
solutions  concern  homogeneous  or  partially 
homogeneous  bodies.  In  all  calculations  basis  functions 
defmed  on  rectangular  domains  have  been  used.  The 
results  presented  here  are  repeated  after  [7], 

As  first  example  homogeneous  dielectric  sphere  has 
been  considered.  Next,  layered  sphere  has  been 
modeled. 

In  both  examples  the  incident  field  has  been 
assumed  to  be  the  plane  wave.  This  requires  applying 
formulas  for  plane  wave  expansion  into  modes. 
Formulas  for  these  expansions  can  be  easily  obtained 
from  those  presented  for  example  in  [4]  or  [5]  and  will 
be  not  repeated  here. 

Simple  sphere  model,  with  discretization  similar  to 
that  of  Fig.  2a,  has  been  used  to  calculate  the  electric 
Held  inside  the  dielectric  sphere.  First,  the  axial 
incidence  of  the  incident  field  has  been  assumed  which 
requires  performing  computations  only  for  -1  and  +1 
modes.  Field  calculations  for  low  frequencies  have 
shown  that  the  electric  field  is  within  5  percent  of 
3/(»;,  i  2)  times  the  incident  field,  which  is  the 
theoretical  value. 


p/a.  p=x,y.x 

Fig.  3.  Field  along  axis  of  incidence  inside  dielectric 
sphere;  e,  =  36,  k„a  =  0.408. 

At  higher  frequencies  the  typical  standing  wave 
behavior  has  been  observed.  In  Fig.  3  the  comparison  of 
results  with  analytical  solution  [3]  is  presented  for  the 
sphere  with  ka=0.408.  One  can  see  that  the  agreement  is 
excellent.  In  order  to  verify  procedures  for  zero-th  mode 
and  more  sophisticated  modal  expansions,  the  same 
calculations  for  different  angles  of  incidence  and 
polarizations  has  been  performed.  Again  very  good 
agreement  has  been  obtained  which  validates  all 
procedures  described  in  the  previous  section. 

Field  distributions  for  the  layered  sphere  are 
presented  in  Fig.4.  The  calculations  have  been  done  for 
two  grids. 


1.2 

I 

08 

|KX/K'|  0  6 

0.4 

02 

0 

Fig.  4.  Fields  inside  inhomogeneous  sphere;  e, ,  -  36. 
k0a,  =  0.3738,  ef2  =  9,  Ay,,  -  0.8168. 


/J  a 


The  solution  I  and  2  denote  8  and  16  squares  per 
sphere  radius,  respectively.  The  solution  I  gives  some 
error  in  the  vicinity  of  the  boundary  of  materials.  It  is 
because  of  non-precise  model  of  the  inner  sphere. 
Solution  2  gives  a  very  good  field  prediction.  It  proves 
improvement  of  accuracy  when  the  investigated  body  is 
modeled  using  smaller  volume  elements. 

Finally,  some  calculations  of  resonant  frequencies  of 
dielectric  spheres  and  cylinders  have  been  performed 
and  compared  to  analytical  and  numerical  results  given 
by  Barber,  Owen  and  Chang  [6].  In  all  cases  resonant 
frequencies  predicted  with  the  present  method  were 
within  0.5  percent  from  those  of  Barber  at  al. 

For  more  examples  showing  good  numerical 
properties  of  the  method  the  reader  is  referred  to  1 7  j . 

4.  MODEL  OF  THE  HUMAN  HEAD 

To  illustrate  applying  the  method  to  the  point  of 
interest  it  has  been  used  to  calculate  the  electric  field 
inside  simple  human  head  model  presented  in  Fig.  5. 
Step  discontinuities  of  particular  borders  result  from  the 
simple  rectangular  basis  functions  used  in  this  case. 


Fig.  5.  Simplified  model  of  the  human  head 
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Calculated  field  distribution  inside  the  head  model  is 
presented  in  Fig.  6.  In  the  example  the  object  is 
illuminated  by  a  plane  wave  with  unit  amplitude  and 
frequency  450  MHz  (from  the  right  side  of  the  picture). 


0  0  1.8  Vm 


Fig.  6.  Computed  field  distribution  inside  the  human 
head  model 

5.  CONCLUSIONS 

In  the  paper  a  method  of  calculating  fields  inside 
human  head  has  been  presented.  The  key  element  of  the 
method  is  the  assumption  about  rotational  symmetry  of 
the  object  of  interest  which  enables  applying  a 
convenient  mode-by-mode  solution  scheme. 

In  the  paper  only  plane  wave  excitation  was  used 
however  other  forms  of  excitation  are  also  possible.  Of 
particular  interest  are  methods  which  enable  modeling 
coupling  of  BOR  geometries  to  non-BOR  ones. 

Next  step  in  the  investigation  could  also  concern 
applying  iterative  solution  scheme  (like  Conjugate 
Gradient  Method)  in  which  there  would  be  no  necessity 
of  storing  large  interaction  matrices. 
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The  methods  of  prediction  and  the  theoretical  and 
experimental  investigation  results  of  out-of-band 
oscillation  spectra  of  power  vacuum  MW-devices  such 
as  TWT  and  klystron  in  the  pulse  working  mode  are 
considered.  The  description  of  amplitude-  and  phase- 
modulated  pulse  signals  spectrum  analysis  program 
making  possible  high-speed  calculation  of  tens  and 
hundreds  of  thousands  of  spectral  components  is  given. 
The  presentation  of  analytical  technique  of  plotting  the 
limitation  spectrum  line  is  offered. 

1.  INTRODUCTION 


programs  for  computer  simulating  of  TWT  and  klystron 
spectral  and  information  characteristics  and  parameters. 

With  the  help  of  the  program  SPECTR  the 
numerical  analysis  of  the  influence  of  the  carrier 
amplitude  and  phase  modulation  at  the  pulse  front,  top 
and  droop  on  the  out-of-band  oscillations  spectrum  up  to 
the  level  -100  dB  has  been  carried  out. 

The  analytical  method  of  envelope  calculation  and 
plotting  a  limitation  spectrum  line  has  been  developed. 
It  can  be  used  for  estimating  engineering  out-of-band 
oscillations  spectrum  calculations  of  MW-devices  with 
spurious  phase  modulation  of  the  carrier  frequency. 


Power  vacuum  MW-devices  such  as  TWT  and 
klystron  are  widely  used  in  radiolocation,  in  transmitting 
communication  systems  and  electronic  countermeasures 
equipment,  etc.  The  pulse  working  mode  with 
modulating  pulses  applied  between  the  device  cathode 
and  anode  (the  interaction  space)  is  typical  for  them.  For 
all  that  a  strong  phase  modulation,  caused  by  the 
electron  flow  velocity  variations,  accompanies  the 
amplitude  modulation  of  the  carrier  frequency.  On 
account  of  this  out-of-band  oscillations  spectrum  is  more 
complex  than  in  case  of  a  pure  amplitude  modulation. 
The  spectrum  asymmetry,  its  envelope  overshoots  and 
fluctuations  that  have  a  great  influence  on  the 
electromagnetic  compatibility  of  the  transmitting 
devices  are  experimentally  observed. 

The  numerical  spectrum  analysis  of  MW-devices 
pulse  signals  technique  for  prediction  of  out-of-band 
oscillations  spectrum  is  worked  out.  It  allows  with  small 
consumption  of  machine  time  to  calculate  tens  and 
hundreds  of  thousands  of  spectral  components  with  the 
levels  up  to  -100  dB  and  to  determine  the  spectrum 
envelope. 

The  developed  spectrum  analysis  technique  is 
realized  in  the  IBM  PC  program  SPECTR,  included  in 
the  problem-orientated  package  SIGNAL  [1]  of  applied 


2.  SPECTRUM  ANALYSIS  OF  AMPLITUDE-  AND 
PHASE-MODULATED  PULSE  SIGNALS 
TECHNIQUE 

Amplitude-  and  phase-modulated  microwave  signal 
can  be  presented  in  the  form  of: 

a(r)=^(Qcos[£y0r+<t>(/l)]=Rezl(r)  eJ<*,)  eJW°'  ,(l) 

where  A(t)  and  OQ)  are  amplitude  and  phase  of  the 
carrier  oscillation  with  frequency  OJQ  . 

If  A(t)  and  O(t)  are  periodic  functions  with 
repetition  frequency  of  modulating  signal  Q  then  the 
functions  may  be  expanded  in  a  Fourier  series: 

A(t)eJoin  =  £  A„  ejnnt  ,  (2) 

W  =  -  oo 

where 

An=~-]mem,)  e-J"m 

is  a  complex  amplitude. 
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Substitution  (2)  into  (1)  gives  the  following  form  of 
a\ 

a(t)  =  Re  ^  eJ{<Uo+nC1)l  = 

/7=-00 

CO 

=  Z  K I  COS  [K  +  nQ){  +  (Pn\  (4) 

n-- oo 

where  I  Aj ,  (pn  -  are  absolute  value  and  phase  of  spectral 
harmonic. 

Hence,  the  expression  (4)  determines  radio  signal 
spectrum  with  the  given  amplitude  A(t)  and  phase 
c p(t)  periodic  modulation  functions. 

Accurate  and  high-speed  method  of  evaluating  the 
integral  (3)  is  needed  as  the  oscillations  spectrum 
analysis  often  requires  a  large  number  of  high  orders 
modulation  harmonics  with  small  amplitudes 
determination.  Filon’s  method  [2]  meets  to  all  above 
requirements  with  greater  degree  among  well-known 
methods  of  spectrum  analysis.  The  method  is  one  of  the 
variety  of  Simpson’s  method,  which  allows  to  evaluate 
integrals  of  the  following  types: 


C2,H  =  f{a+h)COSk(a+h)+f(a+3h)C°Sk(a+3h)  + 
S2ll sin  sin 

cos 

+  Ab-h)  k{b-h). 


To  apply  Filon’s  method  integral  (3)  is  transformed 
to  the  following  form: 


1 

Re  An  = -  Ur)  cos  d>(t)  cos  nClt  d(Qt)  + 

2n  ' 

1  2n 

+ -  \A(t)  sin  0(0  sin  nCit  d(Clt)  ; 

2tt  0j 


b 


J/(f)  cos  (kt)dt 


and 


b 


J/ ( t )  sin (kt)  dt . 


(5) 


The  interval  [a,b\  is  divided  up  into  even  numbers  of 
subintervals  2N.  Function  f(t)  is  approximated  by  the 
second  order  polynomial  in  every  double  subinterval 
similar  to  Simpson’s  method.  After  that  integrals  (5)  are 
evauated  analytically. 

Standard  working  formulas  for  Filon’s  method  are 
presented  in  [2]: 


cos  kt 
sin  kt 


dt  =  h 


sin  kb 
cos  kb 


~f(a) 


sin  ka 
cos  ka 


+ 


The  received  integrals  are  evaluated  according  to 
standard  working  formulas  for  Filon’s  method.  Then 
amplitude  and  phase  of  spectral  harmonics  are 
determined 


As  integrals  are  evaluated  analytically,  the  error  of 
spectrum  calculation  according  to  technique  is 
determined  only  by  the  accuracy  of  second  order 
polynomial  amplitude  and  phase  modulation  functions 
approximation  on  the  double  subinterval.  The  needed 
accuracy  is  obtained  by  choosing  the  subintervals 
number. 


3.  PACKAGE  OF  APPLIED  PROGRAMS  SPECTR 

The  described  technique  of  spectrum  analysis  is 
realized  in  a  package  of  programs  SPECTR. 

The  user  may  calculate  spectrum  or  the  spectrum 
envelope  of  microwave  signal. 

The  calculation  may  be  carried  out  by  given  pulse 
MW-signal  amplitude  and  phase  envelopes  or  by  given 
device  modulation  characteristics,  the  modulating  pulse 
form  and  input  signal  amplitude  and  phase  envelopes. 

While  preparing  the  calculation  task  the  user 
separates  the  characteristic  time  intervals  corresponding 
to  the  front,  top,  its  oscillations,  droop  and  other  signal 
peculiarities  from  the  MW-signal  envelopes  or  the 
modulating  pulse  form.  The  number  and  time 
coordinates  of  such  intervals  are  specified  in  program. 
Every  characteristic  interval  in  the  turn  is  divided  up 
into  even  numbers  of  subintervals. 
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MW-signal  amplitude  and  phase  envelopes  or  the 
modulating  pulse  form  and  the  input  signal  envelopes 
are  determined  by  their  values  in  the  interpolation 
nodes. 

Amplitude  and  phase  modulation  device 
characteristics  are  tabulated  for  given  values  of  input 
signal  amplitude. 

During  simulation  of  the  device  modulation 
phenomena  the  output  MW  signal  envelopes  are  formed 
as  the  result  of  input  signal  envelopes  and  modulating 
pulse  function  transformation  at  the  modulation 
characteristics  set.  The  linear  interpolation  is  used  for 
determining  intermediate  values  of  output  signal 
amplitude  and  phase  that  don’t  coinside  with  the  table 
nodes. 

Depending  on  the  program  task  the  following 
results  may  be  received: 

-  amplitude  and  phase  of  the  harmonic  spectrum 
components  from  zero,  corresponding  the  carrier 
frequency,  till  maximum  (positive  or  negative) 
components  with  a  given  interval,  determined  by 
harmonic  numbers; 

-  spectrum  envelope  determined  by  maximum  harmonic 
amplitude  in  the  group  (the  number  of  harmonics  in 
group  is  determined  by  user) . 

The  program  may  be  used  also  to  find  amplitude 
and  phase  envelopes  of  output  microwave  signal  and  its 
spectrum  by  given  amplitude  and  phase  characteristics 
of  amplifier  and  input  signal  amplitude  envelope  which 
are  given  correspondingly  instead  of  amplitude  and 
phase  modulation  characteristics  and  modulating  pulse 
function. 


4.  ANALYSIS  OF  PULSE  FRONT,  DROOP  AND 
TOP  PHASE  MODULATION  INFLUENCE  UPON 
THE  OUT-OF-BAND  OSCILLATIONS  SPECTRUM 

The  rigorous  numerical  analysis  of  pulse  front,  top 
and  droop  modulation  processes  influence  is  carried  out 
by  program  SPECTR.  The  variations  of  the  carrier 
oscillation  phase  at  the  pulse  front  ahd  droop  to  the 
value  of  approximately  1000  degrees,  accepted  in  the 
calculations,  are  typical  for  TWT  with  anode 
modulation  and  agree  with  experimental  data. 

Fig.l  presents  spectrum  envelopes  of  out-of-band 
oscillations  for  rectangular  pulse  and  trapezoidal  pulses 
with  linear  pulse  front  and  droop  amplitude  and  phase 
modulation.  The  rectangular  pulse  spectrum  envelope 
rolls  off  linearily  with  the  velocity 
-20  dB/dec.  The  trapezoidal  pulse  spectrum  envelope 
has  two  characteristic  side  maxima.  The  maximum  in  the 
positive  tuning  frequency  region  is  caused  by 
modulation  proccesses  on  the  pulse  front  and  in  the 
negative  tuning  region  -  on  its  droop. 

Thus  it  is  ascertained  that  modulation  processes  at 
the  trapezoidal  pulse  front  and  droop  cause  a  noticeable 
boosting  of  spectra  envelope  in  the  side  maxima  region 
above  the  rectangular  pulse  spectrum  envelope. 


Symmetric  change  in  pulse  front  and  droop  durations 
causes  symmetric  spectrum  envelope  change. 

The  calculation  showed  that  the  spectrum  envelope 
is  not  noticeably  influenced  by  pulse  top  phase  change 
and  by  the  appearance  of  characteristic  overmodulation 
pulse  top  distortions. 


-4  -2  -1  -0,5  0,5  1  2  Af,  MHz 

Fig.  1.  Spectrum  envelopes  for  trapezoidal  amplitude 
and  phase  modulation 

-  -  Tf=  0,8  ps;  xd  =  0,6ps;  xp  =  20,0  gs; 

.  -  xf  =  0,6  gs;xd  =  0,8gs;xp  =  20,0  gs; 

- -  rectangular  pulse  xp  =  20,0  ps. 

Fig.  2  presents  calculation  spectrum  envelope  of  power 
TWT  out-of-band  oscillations.  Experimental 
amplitude  and  phase  modulation  device  characteristics 
and  output  radio  pulse  amplitude  envelope  were  the 
initial  data  for  determination  of  radio  pulse  phase 
modulation  and  further  calculations.  Cood  agreement  of 
calculation  results  and  experimental  data  received  by 
means  of  spectrumanalyser  is  observed.  Calculations 
were  carried  out  up  to  the  level  -lOOdB,  every  tenth  of 
120000  spectral  components  was  determined.  The 
spectrum  envelope  was  built  by  the  maxima  of 
components  in  the  group  of  24. 


5.  TECHNIQUE  OF  PLOTTING  THE  LIMITATION 
SPECTRUM  LINE 

The  offered  technique  is  used  for  pulse  signal  front 
and  droop  phase  changes  more  than  2  rad  (115°). 

The  initial  data: 
ip  -  pulse  duration; 

xf,  xd  -  pulse  front  and  droop  durations; 

Umin  -  minimum  value  of  modulating  parameter 
corresponding  to  the  output  signal  amplitude  of  0,1  Am, 
where  Am  is  maximum  output  signal  value; 

Scpmean  =  (Sqw  +  Scpmin)/2  -  mean  value  of  MW  device 
relative  phase  sensitivity  (rad/%)  in  the  range  of 
modulating  parameter  variations  from  Umin  till  Umax 
Calculating  relations: 

1 .  The  horizontal  section. 
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A0  =  0  dB;  ±  AfA  =  l/7txp. 


2.  The  first  sloping  section. 

The  coordinates  of  its  final  points: 

Af,d  =  20  lg  (xf  d  /xp),  dB;  Aff>d  =  Ad>/27txf,d, 
where 

AO  =  2,3*  VO2  5cpmid  ig(Uraax/Umin) 

3.  The  second  sloping  section. 

The  limitation  line  is  drawn  from  the  point  with 
coordinates  Aff  d  ,  Af  d  with  a  slope  of  -40  dB/dec. 


-100-10  -1  -0,1-0,010,010,1  1  Af,  MHz 

Fig.  2.  Radio  pulse  spectrum  envelopes  of  power  TWT 

- -  -  calculation; . experiment; 

-  -  limitation  line. 

The  offered  technique  of  plotting  a  limitation  line  is 
simple  and  doesn’t  need  in  computer  calculations.  For 
all  that  it  represents  the  main  mechanisms  of  out-of-band 
oscillations  spectrum  formation  and  envolves 
sufficiently  simply  measured  device  and  pulse 
parameters. 

Fig.2  presents  the  limitation  spectrum  line  plotted 
according  to  the  given  technique.  It  describes  well  the 


peculiarities  of  the  envelope  caused  by  the  presence  of 
phase  modulation  at  the  pulse  front  and  droop. 


6.  CONCLUSION 

The  developed  package  of  applied  programs 
SPECTR  and  analytical  technique  of  plotting  the 
limitation  spectrum  line  allow  to  solve  efficiently 
problems  of  analysis  and  prediction  of  out-of-band 
oscillations  spectrum  of  power  MW-devices  with  linear 
electron  flow  in  the  pulse  working  mode. 
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This  paper  will  develop  the  formula  for  the 
reflection  coefficient  p  from  multilayered  media  in 
order  to  use  it  in  case  studies  about  absorbers,  such  as 
those  used  in  electromagnetically  anechoic  rooms. 

The  Finite  Element  Method  (FEM)  will  be 
applied  upon  a  hypothetical,  planar,  multilayered 
absorber  made  from  50  layers  of  non  magnetic  material 

(Pr=D- 

The  main  use  of  large  wideband  absorbers  is  in 
the  building  of  electromagnetically  anechoic  and 
screened  rooms  for  experimental  purposes. 

1.  INTRODUCTION 

In  order  to  make  materials  which  absorb 
electromagnetic  radiation  and  not  just  reflect  it  back  into 
the  environment,  they  must  be  lossy  so  that  the  energy 
in  the  wave  ca  be  dissipated  within  the  material.  One 
way  out  to  solve  this  problem  is  to  compromise  amd 
make  layered  materials  which  have  variable  properties, 
such  that  their  surface  impedance  is  as  close  as  possible 
to  the  incident  wave  impedance,  but  then  change  their 
intrinsic  impedance  inside  by  gradually  increasing  their 
conductivity,  keeping  the  reflection  coefficient  at  the 
boundary  of  each  layer  as  low  as  possible  but  allowing 
Joule  heating  to  dissipate  progressively  the  energy  in  the 
wave. 

The  paper  will  examine  an  idealised  model  of  a 
layered  absorber,  with  a  view  to  understanding  how  to 
do  the  necessary  calculations,  and  get  a  feeling  for  such 
parameters  as  their  thickness  and  effectivness. 

The  Finite  Element  Method  (FEM)  will  be 
applied  upon  a  hypothetical,  planar,  multilayered 
absorber  made  from  50  layers  of  non  magnetic  material 

(Mr=  1). 

Some  important  factors  that  have  to  be  obeyed 
in  practical  and  simulation  design  are: 

•  any  successful  absorber  has  a  thickness  of 
order  of  one  wavelength; 

•  scattering  from  a  surface  depends  not  only 
on  its  absorbing  properties  but  also  on  its  shape; 


•  the  skin  depth  plays  an  important  role  in 
describing  the  distance  waves  penetrate  into 
conductors; 

•  absorbers  are  often  mounted  on  the  walls  of 
screened  rooms  which  have  metal  walls;  if  this  is  the 
case  the  conductivity  of  the  layers  adjacent  to  the  walls 
should  be  high  to  obtain  better  impedance  matching  at 
that  boundary  and  not  contribute  unnecessarily  to  any 
reflection. 

In  the  following  it  is  of  great  interest  to  find  die 
reflection  coefficent  and  die  total  diickness  of  the 
absorber.  Once  die  electrical  properties  are  chosen, 
using  the  computer  model,  that  means  die  FEM-model 
of  the  absorber  it  is  possible  to  detennin  die  propagation 
constant  for  each  layer  and  die  wave  impedance  at  each 
boundary. 

The  study  will  be  dien  extended  to  see  how  die 
performance  of  absorbers  is  changing  at  different 
frequencies.  It  is  clearly  of  great  pracdcal  importance  to 
know  how  a  given  absorber,  widi  its  parameters  fixed, 
performs  at  different  frequencies. 

2.  THE  REFLECTION  COEFFICIENT  FROM 
MULTI-LAYERED  MEDIA 

In  diis  section  we  determine  die  formula  for  the 
reflection  coefficient  p  from  muldlayered  media  in 
order  to  use  it  in  case  studies  about  absorbers,  such  as 
those  used  in  electromagnetically  anechoic  rooms. 

Consider  a  planar,  multi-layered,  structure 
consisting  of  layers  numbered  1  to  k ,  each  with 
thickness 

c/„  different  conducdvities  a,,  pennidvities  £,,  and 
permeabilities  p,  as  shown  in  Fig.  1 .  Each  layer  has 
different  intrinsec  impedances  Z ,(©)  and  propagation 
constants  y(co).  Layer  k  is  taken  to  be  semi-infinite.  A 
TEM  wave  with  wave  impedance  Z0  travelling  in  die  +x 
direction  is  incident  on  the  layer  1.  The  reflection 
coefficient  is: 

Z^i -Z0  (1) 

p  zv\  +z0 
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Layer  i  Layer  k 


3.  DESIGN  OF  ABSORBERS 


'  Intrinsic 

impedance  Zt 
^  Direction  of  incident 

TEM  wave 
e, 


Fig.  I.  A  multi-layer  medium  where  the  electrical 

properties  and  thickness  of  each  layer  i  is 
different.  The  final  layer,  layer  k,  is  assumed  to 
be  seini-infinite.  A  free-space  TEM  wave  is 
incident  onto  the  surface  of  layer  1  at  x=0. 

where  Zw]  is  the  wave  impedance  at  the  first  boundary', 
which  from  [2]  is  just 

\zw2+Zxtanh[yx{co)d^  (2) 

ZM,|  —  Z.  j  /  rr 

\Z\  +zwl  tanh\yx{(o)dx )| 

where  Zw2  is  the  wave  impedance  at  the  second 
boundary, 

{zw3  +Z2  tanh(y2((o)d2)} 


Z  v_n  —  Z  7 


{z2  +ZW3  tanh(y2(co)d2 )} 


where  Z,,3  is  the  wave  impedance  at  the  third  boundary. 

{zw4  +Z3  lanh(y3((o)dz)}  (4) 


Z  —  Z-i 


\+Zwa  tanh 


(r3Mr/3)} 


and  so  on  up  to  the  last  but  one  layer,  layer  k-1, 

{zk  +Zk^  ta»/t(r^-i(ru)<:4_i)}  (5) 

^  '  {Zk-\  +Zk :tanh{fk_l{a>)dk_l)} 


where  in  tliis  final  term  Zk  is  the  intrinsic  impedance  of 

the  Iasi  layer. 

To  calculate  p  one  proceeds  as  follows: 

•  assign  values  of  a  e,  p  and  thickness  d  to  each 
layer; 

•  choose  a  value  for  co  and  the  wave  impedance  Z0  of 
the  incident  wave; 

•  calculate  the  propagation  constant  y,  and  intrinsec 
impedance  Z,  for  each  layer  at  this  frequency; 

•  begin  working  backwards  for  finding  first  the  wave 
impedance  of  the  last  but  one  layer  A-l,  then  use  this 
impedance  for  finding  the  impedance  for  layer  A-2. 
and  so  on  tiitiill  vve  find  the  impedance  for  layer  1; 

•  calculate  p. 


3.1.  Some  factors  in  absorber  design 

In  any  practical  absorber  a  large  number  of 
factors  are  important,  but  in  order  to  examine  the 
general  properties  it  is  worth  bearing  the  following 
points  in  mind. 

•  It  is  a  general  principle  in  physics  that  waves  are 
unaffected  by  structures  considerably  smaller  than  a 
wavelength.  This  means  that  any  successful  absorber 
is  likely  to  have  a  thickness  of  order  of  one 
wavelength. 

•  The  skin  depth  plays  an  important  role  in  describing 
the  distance  waves  penetrate  into  conductors.  After  1 
skin  depth  the  wave  amplitude  which  lias  survived  is 


Dielectric 
impedances  = 


materials 


intrinsic 


As  most  dielectrics  have 


e,  >  2  this  makes  it  difficult  to  have  an  impedance 
big  enough  to  Z().  The  effective  dielectric  constant 
may  be  layered  to  £r»l  by  having  a  foam  of 
material  with  low  average  density,  but  low 
mechanical  strength. 

•  Absorbers  are  often  mounted  on  die  walls  of 
screened  rooms  which  have  metal  walls.  If  diis  is  the 
case  the  conductivity  of  the  layers  adjacent  to  the 
walls  should  be  high  to  obtain  better  impedance 
matching  at  that  boundary  and  not  contribute 
unnecessarily  to  any  reflection. 

3.2.  A  hypothetical  absorber 

For  the  problem  under  test,  we  shall  consider 
the  following  model  of  a  hypothetical,  spherically, 
multilayered  absorber  made  from  45  to  50  layers  of  non 
magnetic  (jur=  1)  with  the  following  properties; 

•  e,  varies  from  1 .5  in  layer  1  to  2.56  in  the  last  one. 

•  The  conductivity  of  the  layers  varies  from  a  «  0  in 

layer  1  to  a  a  5.8  x  105  Sm~]  in  the  last  one. 

•  The  thickness  dk  of  each  layer  is  made  equal  to 
2'skin  depths’  [2],  where  the  skin  depth  is  calculated 
at  a  frequency  of  1  GHz. 

Using  tliis  recipe,  it  is  of  interest  to  find  the 
reflection  coefficient  and  the  total  thickness  of  the 
absorber.  Tliis  question  can  best  be  answered  by 
building  a  computer  model  of  the  absorber.  In  such  a 
computer  model  the  conductivity  and  dielectric  constant 
of  layer  k  could  be  parametrised  by  the  formulae: 

cr,  =5.8  xU)-(k/i.  ) 


£k  =1.5  +  1.06  log ,  0  (k )  /  log ,  o  (fc„iax ) 
so  in  the  last  layer  where  A'=Amar,  a=5.8.\105  Sm'1. 


4.  FEM  APPLIED  TO  MODELING 
ABSORBERS 

In  die  finite-element  approach,  an 
electromagnetic  problem  is  solved  by  dividing  the 
studied  region  into  a  set  of  arbitrary  shapes,  known  as 
finite  elements,  and  finding  an  approximate  solution  for 
each  of  the  subregions  that  satisfies  the  governing 
equations  of  the  problem.  The  most  common  shape  used 
for  two-dimensional  problems  is  a  triangle  [1],  The 
electrostatic  field  distribution  can  be  obtained  from  the 
scalar  potential  (p(x,y )  satisfying  the  Laplacian  equation: 

d2<t>{x,y)  ^  d2<f>{x,y)  ^  (8) 

dx 2  dy2 

with  associated  Diriclilet  and  Neumann  boundary 
conditions.  The  problem  has  an  inhomogeneous  domain 
where  the  permittivity  is  a  function  of  position.  The 
Diriclilet  boundary  condition  is  the  voltage  on  each 
pyramid  shaped  absorber  [2],  In  practice  die  absorbers 
are  pyramid  shaped,  with  variable  conductivity 
throughout,  and  have  a  size  which  depends  on  the 
longest  wavelength  that  is  required  to  be  absorbed. 

The  hypothetical  absorber  has  a  spherically  layered 
structure,  which  aproximise  better  die  pyramid  shaped 
absorber,  then  a  hypothetical,  planar,  multi-layered 
absorber. 

Three  reasons  for  choosing  these  shapes  are: 

•  specular  reflection  from  die  side  of  an  absorber  will 
direct  die  reflected  component  further  into  the 
absorbing  structure  rather  than  back  into  the 
environment; 

•  there  is  more  surface  area  available; 

•  in  the  vicinity  of  die  sharp  point,  averaged  over  the 
whole  wavefront  the  impedance  will  be  almost  the 
same  as  the  incident  wave. 

The  potential  distribution  is  obtained  by 
solving  the  partial  differential  equation  given  in  (8)  with 
die  above  Diriclilet  boundary  condition.  This  can  be 
done  if  an  appropriate  functional  proportional  to  the 
energy  of  the  system  per  unit  length  is  associated  to  (8). 
the  Euler  equation  of  the  functional  [3|.  The  appropriate 
functional,  proportional  to  the  energy,  to  be  minimized 
in  this  situation  is 

F U)  =  \  \D£{x-y)\v<t>{x.y)t  dxdy  (J)) 

where  the  finite-element  region  D  includes  the 
dielectric  substrate.  Because  FEM  discretizes  the 
solution  domain  widi  finite  elements,  it  requires  a  finite 
domain.  The  selection  of  an  external  boundary  B  far 
away  from  die  absorber,  in  our  case  the  spherically 
multilayered  absorber,  with  a  zero  potential  will 
truncate  the  domain  and  is  a  relatively  simple  solution 
to  implement.  Another  alternative  is  to  use  an 
appropriate  absorbing  boundary  condition  |3j.  The 
infinite  region  above  the  board  is  truncated  by  the 
artificial  Diriclilet  boundary  B  characterized  by  (p=0. 

After  die  solution  region  D  is  divided  into 
finite  elements,  die  potential  distribution  <p(xy)  is 
approximated  by  linear  combinations  of  local 


interpolation  polynomials.  A  typical  triangular  element 
is  shown  in  Fig.2.  The  finite  element  is  characterized  by 
the 

node  potentials  <f>„  fy,  <pm  and  node  coordinates  (x„  y,), 
Fig.2.  Typical  triangular  element 


x 


(Xj,  vj),  (xm,  ym).  The  potential  distribution  is  defined 
within  each  triangle  and  varies  over  die  finite  element  as 
a  function  of  position.  The  trial  function,  written  in 
terms  of  the  node  potentials  and  the  local  interpoladon 
polynomials  is  given  by 

<t>e (*. y)  =  </>, a,  {*■  y)  +  fy«/(x,y)  +  <f>mam (x, y) .  (10) 


For  a  first-order  approximation,  the  interpolatory 
polynomials  a,,  ah  a„  known  as  shape  funedons,  are 
related  to  the  node  coordinates  and  are  given  by 


/  V  1  U  \ 

(11) 

aj\x-y)  =  YAKJy,n  ~  x",yn 

+  (yj  -  y„,  )*  +  (*m  -  xj  ).v) 

/  \  if/  \ 

(12) 

i 

sT 

j-T 

•v— ' 

1  ^ 

I  fN 

II 

+  (.vm  -y,  )x  +  (x,  -x,M)y} 

/  \  1  //  \ 

(13) 

a*»\x'y)=YAv?iyj  ~Xjy‘ ) 

+  (v,  -yj)x  +  (Xj  -x,)yj 

where  A  denotes  the  area  of  the  triangle  when  die  i,j,  m 
nodes  are  numbered  in  die  counterclockwise  sense  and 
the  negative  of  the  area  when  numbered  in  the 
clockwise  sense.  In  both  cases,  A  is  given  by 

^  (xj.Vm  -xmVj  +W/ -xiy»,  +X,Vj  "fy  V,) 

2 

The  above  trial  functions  are  calculated  for 
each  triangle  and  replaced  into  die  functional,  which 
becomes  a  function  of  node  potentials.  The  contribudon 
from  the  functional  integral  over  the  domain  of  a  single 
triangle  with  nodes  (/',  j,  m)  and  £=1  to  the  total 
functional  can  be  written  as 
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where  I)L.  represents  the  domain  (area)  of  a  single 
triangle;  and  Fe  is  the  functional  evaluated  for  a  single 
triangle.  The  constant  factor  of  'A.  appearing  in  (9)  has 
been  dropped  as  the  final  system  of  equations  is 
obtained  by  minimizing  the  functional  and  this  constant 
can  be  simplified.  To  obtain  the  values  for  the  node 
potentials  </>,,  0P  <j>m  and  equated  to  zero  to  find  the 
optimum.  The  differentiation  with  respect  to  the  node 
potential  $  is  given  by 


-*r 

-  (v,  - »»)+(*,  -*,„)(*/  <t>j 

+  (v/  -  v , )( v„,  -yJ)+(x, 


The  same  procedure  can  be  followed  to  derive 

dF  /  dF  / 

the  expressions  for  /dip  anc*  /dtp  '  “ 

equations  for  the  three  derivatives  are  assembled  in 
matrix  form,  the  single-element  contribution  to  the  total 
system  of  linear  equations  minimizing  the  functional  F 
is  given  bv 

fv  V  V  L  1  (23) 

0//W  (pi 

2[.S'M  =  2  Sj,  Sjj  S Jm  <j>j 

^ mi  ^ mj  mm 

where  the  entries  .S'„  and  StJ  are  given  by 

v  ,r/  \2  t  i2i  (24) 

■\v  =A  (vy  -  v,„)  +\Xj-xm ) 


s,,  {y,  -y„,)(yj  ->%)+(*,-  -*«,)(*,•  -*«) 

and  any  other  combination  obtained  by  permutations  of 
i.  j.  nr 

The  final  system  obtained  from  assembling  all 
the  element  contributions  given  by  (23)  can  be  written 
as 

(25) 

where  j.S'j  now  represents  contributions  from  all 
triangular  elements;  and  [61  is  a  result  of  replacing  the 
known  node  potentials  with  their  Dirichlet  values. 

Applying  the  above  mentioned  FEM  model  we 
shall  obtain  the  following  graphics  concerning  tire 
strength  and  displacement  distributions.  The  model  can 
be  applied  also  for  different  forms  of  absorbers.  Making 
the  comparison  between  the  different  kind  of  absorbers 
it  is  possible  to  choose  that  kind  of  absorber  which 
absorbs  the  most  electromagnetic  radiation.  The  study 
can  be  made  for  a  loaded  mid  an  unloaded  border. 


The  derivatives  of  the  interpolatory  functions  can  be 
obtained  from  ( 1 1 )-( 1 3)  and  for  a,.  they  reduce  to 

da,  yt  —  y ni  da,  _  (21) 

r?x  ~  2/1  ’  2A  ' 

Because  of  the  simple  form  of  the  first-order 
interpolation  functions  and  the  fact  that  the  integral 

j*  (Ixrfy  =  A  .  (20)  becomes 
l)r 


Strength 
B  V/m) 


0.2290 

0.2061 

0.1832 

0.1603 

0.1374 

0.1145 

0.0916 

0.0687 


0.0458 


0.0229 


0.0000 


Fig.3.  Distribution  of  E  inside  the  hypothetical  absorber 
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Displacement 
D(  10"'2  C/m2  ) 

5.070 
4.563 
4.056 
3.549 
3.042 
2.535 
2.028 
1.521 
1.014 
0.507 
0.000 


Fig. 4.  Distribution  of  D  inside  the  hypothetical  absorber 


Potential 


U(  V) 


0.01510 

0.01464 

0.01418 

0.01372 

0.01326 

0.01280 

0.01234 

0.01188 

0.01142 

0.01096 

0.01050 


Fig. 5.  Meshed  absorber  and  distribution  of  U  inside  the 
hypothetical  absorber 


The  potential  absorbed  in  this  case  is  lower 
then  in  the  upper  case.  In  these  situation  it  is  better  to 
use  the  absorber  from  Fig.5. 

5.  CONCLUSIONS 

In  tliis  paper  the  FEM  lias  been  applied  in 
modeling  absorbers.  One  tool  extensively  used  in 
characterizing  parasistic  effects  has  been  the  finite 
element  method.  The  FEM,  which  is  a  numerical 
method,  offers  an  attractive  alternative  to  solve  the 
problem  in  all  its  aspects.  Tliis  technique  is  first  applied 
to  obtain  the  field  distribution  lengthways  the  absorber. 
The  result  is  a  method  to  evaluate  the  field  levels  at  any 
desired  point  on  the  absorber.  An  integral  absorbing 
boundary  condition  derived  from  the  integral  solution  to 
the  wave  equation  was  implemented  to  truncate  the 
FEM  domain. 

This  now  can  help  in  fully  defining  the 
operation  of  the  design  of  absorbers  and  the  correction 
of  any  defaults  early  in  the  design  stages. 

The  approach  is  a  general  approach  that  can  be 
applied  to  homogeneous  or  inhomogeneous  domains 
surrounding  the  equipment  under  test. 
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This  paper  presents  results  of  the  modeling  of 
Shielding  Effectiveness  for  modular  type  shielding 
enclosures  of  3-m  and  10-m  EMC  chambers. 
Propagation  of  electromagnetic  waves  inside  and 
outside  the  shielding  enclosure  was  analyzed. 
Engineering  models  based  on  the  equivalent 
circuit  approach  and  mode  matching  solution  were 
employed.  Results  of  the  two  approaches 
compared  with  each  other  and  with  experimental 
data.  Influence  of  structural  configuration  and 
mechanical  tolerances  on  the  overall  Shielding 
Effectiveness  of  the  chamber  was  studied  based 
on  the  typical  enclosure  design.  Frequency  band 
from  1  to  20  GHz  was  taken  under  consideration 
though  results  might  be  applicable  for  other 
frequency  bands  as  well. 

1.  SHIELDING  EFFECTIVENESS  OF  THE  EMC 
CHAMBER 

Shielding  effectiveness  (SE)  is  among  several 
important  parameters  specified  for  shielded 
enclosures.  SE  measurement  is  certainly  one  of 
the  main  parts  of  the  acceptance  test  during  the 
implementation  and  certification  of  EMC 
measurement  facility.  Due  to  the  nature  of 
electromagnetic  processes,  when  it's  coming  to 
the  real  project  implementation,  actually 
measured  SE  may  vary  significantly  depending  on 
the  configuration  of  the  enclosure  and  surrounding 
structures,  guaranteed  tolerances  and  assembling 
technology  used  during  the  implementation  stage 
as  well  as  the  way  test  engineers  evaluate  SE 
during  the  acceptance  test.  Additional  and  rarely 
mentioned  problem  is  the  process  of  aging  which 
may  become  critical  in  the  harsh  climate 
conditions.  The  problem,  therefore,  has  variety  of 
aspects  from  pure  technological  up  to  the  level  of 
understanding  required  from  test  engineers  in 
order  to  make  sure  measurement  procedures 
properly  followed  and  compliance  to  the  EMC 
standards  achieved. 

In  order  to  address  the  problem  and  guarantee 
cost  efficient  and  time  saving  implementation  of 
shielded  enclosure  a  kind  of  inexpensive  but  still 
enough  adequate  computer  simulation  tool  is 
developed.  Propagation  of  the  electromagnetic 
waves  inside  and  outside  the  shielding  enclosure 


was  modeled  using  well  established  modeling 
approaches  in  order  to  describe  the  entire  picture 
of  the  electromagnetic  environment  inside  and 
outside  the  enclosure. 

2.  VARIETY  OF  THE  FACTORS  INFLUENCING 
SE  PERFORMANCE 

2.1  Electromagnetic  environment  inside  and 
outside  shielding  enclosure 

Propagation  pass  during  the  SE  measurement 
include  internal  region  inside  the  enclosure, 
external  region  outside  the  enclosure  and  wall 
region  characterizing  all  possible  ways  of 
electromagnetic  leakage  through  the  enclosure 
walls.  Internal  region  is  treated  as  a  resonator 
excited  by  transmitting  antenna.  Strong  standing 
waves  encountered  inside  metal  enclosure  to  be 
taken  into  consideration  in  this  region.  Resulted 
electromagnetic  field  in  the  vicinity  of  the  internal 
wall  surface  is  an  input  source  for  all  the  leakage 
channels  taken  into  consideration  by  test  engineer 
when  modeling  “real  life”  design  of  the  enclosure. 
Outside  region  characterized  by  pronounced 
multipass  propagation  between  the  ensemble  of 
radiating  apertures,  excited  by  all  possible 
leakage  channels,  and  receiving  antenna.  Effects 
of  multiple  reflection  may  be  encountered  here 
due  to  presence  of  massive  metal  or  concrete 
structures  in  the  vicinity  of  the  shielded  enclosure. 

2.2.  Propagation  through  the  walls  of  enclosure 

Analysis  of  the  possible  leakage  channels  in  the 
wall  region  shows  two  distinctively  different 
leakage  models  have  to  be  applied.  These  are  low 
frequency  and  high  frequency  leakage  channels 
encounterd.  The  low  frequency  channel  exists  due 
to  direct  coupling  through  the  metal  walls  allowing 
electromagnetic  coupling  under  condition  the 
enclosure  is  infinitely  thin  metal  layer.  This  is 
applicable  in  the  very  low  frequency  band  where 
any  imperfection  of  the  wall  structure  is  under 
cutoff  and  no  radiating  apertures  formed. 
Contribution  of  this  leakage  channel  is  rapidly 
decreasing  with  frequency  and  affecting  relatively 
narrow  prortion  of  the  band.  Appropriate  modeling 
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Fig.  1.  Mechanical  configuration  of  the  wall  sections 


approach  developed  in  [1]  and  not  considered  in 
this  paper.  The  second  leakage  channel  engages 
as  soon  as  structural  imperfections  become 
comparable  to  the  wavelength  creating  multiple 
leakage  channels  through  the  wall  structure  and 
radiating  apertures  on  the  external  surface  of  the 
enclosure. 

3.  MODELING  APPROACH 

The  modeling  approach  is  based  on  the 
decomposition  of  the  actual  complex  propagation 
problem  to  the  partial  problems  simplified  enough 
to  be  treated  applying  appropriate  models. 

3.1  Modeling  of  structural  imperfections 

Waveguide  model  was  applied  treating  each 
structural  imperfection  as  a  coupling  slot.  Fig.  1 
shows  mechanical  configurations  of  the  wall 
sections  for  typical  commercially  available 
modular  shielding  enclosure.  Wall  panel  is  a 
layered  structure  cotaining  two  metal  sheets 
spaced  by  dielectric  (ply  wood).  Junction  between 
panels  made  using  metal  framing  joined  with 
screws.  Critical  dimensions  are  shown  in  Fig.  1: 
panel  size  L,  spacing  inbetween  metal  sheets  d, 
clamp  overlapping  W.  The  distance  between 
screws  is  typically  of  about  10  to  15  cm.  The 
configuration  guarantees  perfect  contact  in  the 
visinity  of  screws.  Due  to  various  structural 


tentions  tiny  gap  is  formed  unavoidably  between 
screws.  Dimension  S,  depicting  it  size,  is  shown  in 
Fig.1.  Following  equivalent  waveguide  structures 
allowing  quite  close  approximation  of  the  real 
mechanical  design  are  shown  in  Fig.  2(a),  (b). 
These  structures  have  common  dimension  a 
determined  by  the  distance  between  screws. 

3.1.1.  Electrical  response  of  the  waveguide 
structures  Fig.  2(a),  (b)  may  be  analyzed  using 
equivalent  circuit  approach.  Necessary  equivalent 
circuits  -  for  uniform  waveguide  section,  steps, 
bends  and  T-junctions  of  rectangular  waveguides 
are  available  from  the  literature  [2].  The  structure 
then  recomposed  by  cascading  T  matrices  of 
separate  junctions. 

3.1.2.  More  elaborated  study  of  the  structures  Fig. 
2(a),  (b)  involves  mode  matching  analysis.  Key 
building  block  element  suitable  for  this  purpose  is 
shown  on  the  Fig.  2(c).  Modal  analysis  of  such 
junction  is  well  presented  in  the  literature  [3], 

The  fields  on  either  side  of  the  discontinuity  are 
treated  as  a  sum  of  the  modal  fields  in  rectangular 
waveguide.  Application  of  the  condition  of 
continuity  for  the  fields  at  the  interface  results  in 
the  integral  equation  which  can  be  converted  to  a 
system  of  linear  algebraic  equations  using  method 
of  moments. 

As  far  as  dimension  a  is  fixed  by  distance 
between  screws  (rivets),  it’s  that  same  for  all  the 
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junctions.  Evaluating  coupling  coefficients 
between  Hmn  and  Emn  modes,  it's  possible  to  show 
that  all  copling  coefficients  between  waves  having 
different  indexes  m,  are  equal  to  zero.  This  means 
no  mode  conversion  takes  place  between  waves 
with  different  indexes  m. 

The  entire  structure  then  recomposed  by 
combining  generalized  S-matrices  of  all  key¬ 
building  blocks  and  intermediate  uniform 
waveguide  sections  between  them.  The 
generalized  S-matrix  technique  [4]  was  applied.  In 
fact,  attenuation  factor  of  the  elementary  wall 
structure  may  be  calculated  as  well  as  excitation 
amplitudes  and  phases  for  radiating  apertures 
found. 

3.2.  Modeling  areas  inside  and  outside  the 
enclosure  for  SE  evaluation 


Fig.  3.  Configuration  for  SE  test 

Phase  array  model  was  applied  to  describe  the 
propagation  of  waves  inside  and  outside  shielding 
enclosure.  All  previous  discussion  is  focused  on 
one  specific  leaking  slot  (micro  level 
consideration),  while  the  practical  case  involves 
leakage  through  many  leaking  slots  within  the 
beamwidth  of  the  transmitting  antenna.  So,  taking 
into  account  each  possible  leaking  slot  within  the 
beamwidth  of  transmitting  antenna  and 
superimposing  the  effect  of  each  of  these 
considered  slot  to  the  receiving  antenna  gives  the 
macro  level  consideration  of  the  whole  scenario. 
This  scenario  for  only  one  series  of  panel  to  panel 
joints  and  one  face  of  enclosure  is  shown  in  Fig. 
3.  Considering  all  the  leaking  slots  as  an  array  by 
setting  constant  phase  difference  between  the 
consecutive  slots  will  be  applicable  for  individual 
measurement  position  of  any  enclosure  and  the 
process  will  not  be  a  close  representation  of  the 
whole  scenario.  Taking  different  slots  individually 
and  superimposing  their  effect  at  the  receiving 
antenna  would  make  the  scenario  more  general, 
making  the  computation  model  more  versatile  and 
closer  to  the  actual  case.  There  are  following 
assumptions  made: 


-  only  the  shielded  enclosure  front  face  effect  is 
considered  while  calculating  SE,  neglecting  all 
forms  of  reflection  from  other  faces  in  the  process; 

-  while  calculating  radiation  from  transmitting 
antenna  to  leaking  slots  only  the  far-field  pattern  is 
taken  into  account; 

-  while  radiating  from  different  slots  toward  the 
receiving  antenna,  coupling  between  different 
slots  is  neglected; 

-  for  calculating  the  radiation  pattern  from  the 
slots,  the  conducting  shield  was  approximated  to 
be  extended  to  the  infinite  length  in  both  the 
transverse  directions. 

SE  test  is  simulated  using  procedures  from  the 
applicable  documents  including  MIL-STD  285 
taken  as  a  guideline  [5,6] .  Test  procedures  taken 
as  recommended  by  the  enclosure  producer  [7] . 
Typical  design  of  the  commercially  available 
shielded  enclosure  was  analysed. 

4.  CONVERGENCE  AND  ACCURACY 

The  convergence  of  the  magnitude  of  insertion 
loss  (S2i)  of  the  configuration  Fig.  2  (a)  is  shown 
in  Fig.  4.  For  this  convergence  investigation 
number  of  modes  taken  into  account  in  the  Region 
1,  is  N  =  1.  Number  of  modes  taken  in  Region  2 
(M)  is  variable.  Dotted  curve  is  calculated  using 
one  mode  in  the  Region  2  (M  =  1).  Dashed  curve 
shows  effect  of  two  modes  taken  in  Region  2  (M  = 
2).  Solid  curve  is  calculated  with  14  modes  (M  = 
14).  Another  solid  curve  refer  to  the  reflection  loss 
(module  of  S-n)  Calculated  results  may  be 
compared  to  the  measured  data  taken  for 
experimental  structure.  Actual  dimensions  of 
measured  structure  were:  a  =  34.92  mm,  s  = 
2.02mm,  W  =  6.0  mm,  d  =  5.98  mm,  L  =  28.02 
mm.  Measured  results  (insertion  loss)  presented  in 
Fig.  5. 


4.5  5.5  6.5  7.5  8.5  9.5 


F,  GHz 

Fig.  4.  Calculated  |S2i|  and  |Sn|. 
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Fig.  5.  Measured  |S2i|. 

For  more  detailed  consideration  Table  1  shows 
frequency  location  of  the  first  null  measured 
(position  of  Marker  3  in  Fig.  5)  and  calculated 
using  various  number  of  modes  in  Region  2. 


Table  1 


Number 
of  modes 
taken  in 
Region  2 

Calculated 
location  of 
the  first 
null  of  S2i, 
GHz 

Measured 
location  of 
the  first 
null  of  S21, 
GHz 

Relative 
differenc 
e,  % 

1 

5.35 

5.2444 

2.0 

2 

5.27 

5.2444 

0.5 

3 

5.2486 

5.2444 

0.08 

5 

5.2394 

5.2444 

-0.09 

7 

5.2384 

5.2444 

-0.11 

14 

5.23824 

5.2444 

-0.12 

19 

5.23828 

5.2444 

-0.12 

Results  presented  in  Table  1  illustrate  the 
existence  of  optimum  ratio  of  the  number  of 
modes  taken  into  consideration  in  the  Region  2 
and  Region  1  M/N  »  b2  /  bl  as  known  from  the 
literature  [8], 

Peculiar  feature  of  this  study  is  that  dimensions  of 
practical  structures  used  in  actual  design  of 
shielded  enclosure  lead  to  considerabely  high 
ratios  M/N  =  1102...1103  due  to  the  fact  that 
coupling  slot  is  narrow.  Because  of  the  actual 
geometry  of  the  structure  Region  1  may  support 
only  one  propagating  mode  while  Region  2  is 
strongly  overmoded.  For  actual  size  of  the  panel 
240  cm  and  inter-screw  distance  about  12.5  cm 
there  are  45  propagating  modes  in  the  gap 
between  metal  sheets  already  at  3GHz.  Fig.  6 
illustrates  the  effects  of  mode  conversion  in  case 
of  strongly  overmoded  Region  2. 

As  every  next  mode  becomes  propagating,  the 
Hio  (dominant  one  in  the  Region  1)  loosing  part  of 
it's  energy  in  favour  of  the  new  one.  Fig.  6  clearly 
show  increasing  of  the  partial  energy  of  higher 


order  modes  with  frequency  and  simultaneous 
growth  of  e-waves  contribution. 

Convergence  of  solution  for  considerably  high 
ratio  M/N  is  shown  in  Fig.  7-9  where  the  calculated 


F,  GHz 

Fig.  6.  Mode  conversion  of  overmoded  junction. 

incertion  loss  (module  of  S2i)  is  plotted  for  the 
structure  having  a  =  12.5  cm,  s  =  1.0  mm,  W  = 
1.5875  cm,  d  =  1.905  cm,  L  =  240  cm.  Fig.  7  is 
calculated  with  M  =  2,  Fig,  8  -  with  M  =  99.  Fig.  9 
is  plotted  for  M  =  2399.  In  all  cases  N  =  1. 
Comparison  show  much  slower  convergence  for 
this  structure  with  highly  overmoded  Region  2, 
especially  in  the  higher  frequency  range.  To  keep 
optimum  ratio  M/N  several  thousand  modes 
needed  to  be  taken  into  consideration. 

5.  RESULTS 

This  modeling  approach  was  applied  for  analysis 
of  actual  SE  performance  for  modular  design.  Fig. 
10  presents  SE  of  enclosure  having  following 
critical  dimensions  of  panels:  a  =  12.5  cm,  W  = 
1 .5875  cm,  d  =  1.905  cm,  L  =  240  cm.  Solid  curve 
shows  SE  for  s  =  0.01  mm,  dashed  curve  -  for  s  = 
0.05  mm,  dotted  curve  -  for  s  =  0.6  mm  -  all 
plotted  the  results  obtained  using  mode  matching 
analysis.  Corresponding  results  of  equivalent 
circuit  approach  shown  by  smooth  solid  curves 
and  appropriately  marked.  The  analysis  show  two 
areas  of  possible  eccessive  leakage  -  in  the 
visinity  of  10  GHz  and  slightly  below  20  GHz. 
Results  were  compared  to  the  actual 
measurements  of  SE.  There  are  certain  technical 
difficulties  of  measuring  very  low  level  of 
attenuation  in  the  conditions  of  construction  site. 
Accuracy  of  measurement  can  not  be  made  very 
high  as  measured  value  is  close  to  the  limits  of 
dynamic  range  available  for  the  measurement 
setup  and  normally  measured  at  single 
frequencies.  Actual  values  of  SE  depend  on  the 
measurement  position  as  well.  Available 
measured  data  for  SE  presented  in  Fig.  10  as 
rectangular  boxes  -  result  of  averaging  of 
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measured  values  from  several  measurement 
positions  obtained  according  to  test  procedure  MIL 
STD  285.  Specified  SE  for  this  modular  design  is  - 
100  dB  in  the  microwave  frequency  range. 
Mention,  that  equivalent  cirquit  approach  can  not 


Fig.  7.  |S2i|  calculated  with  M  =  2. 


F.  GHz 

Fig.  8.  |S2i|  calculated  with  M  =  99. 


be  applied  for  calculations,  but  still  could  be  useful 
for  qualitative  estimations. 


Numerical  investigation  show  the  possibility  of 
further  improvement  of  SE  performance  by 
optimizing  the  structure's  geometry  using  different 
approaches.  Direct  CAD  synthesis  is  possible 
though  complicated  by  considerable  computation 
time  and  multiple  sharp  resonances  caused  by 
overmoded  nature  of  the  problem.  Fruitful 


0  5  10  15  20  25 


F,  GHz 

Fig.  10.  Comparison  of  predicted  and  measured 
values  of  SE 


F,  GHz 

Fig.  1 1 .  SE  of  modified  structure 


Fig.  12.  SE  of  modified  structure 
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approach  might  be  discovered  when  using  well 
established  filter  design  techniques.  Simple 
changes  in  structure's  geometry  allow  reduction  of 
resonances  causing  excessive  leakage  and 
increasing  the  overall  frequency  band  of  the 
enclosure  while  keeping  that  same  mechanical 
tolerances.  Fig.  11  shows  SE  performance  of  the 
modified  structure  having  a  =  12.5  cm,  W  =  7.26 
mm,  d  =  1,905  cm,  L  =  240  cm.  The  first 
resonance  was  suppresses  by  about  50  dB. 
Number  of  resonances  in  the  frequency  band  of 
interest  may  be  reduced  if  the  layered  structure 
made  more  thin.  Fig.  12  shows  SE  performance  of 
the  modified  structure  having  a  =  12.5  cm,  W  = 
7.26  mm,  d  =  9.525  mm,  L  =  240  cm. 

6.  CONCLUSION 

Flexibility  of  computer  simulation  allows  the 
actual  configuration  of  the  enclosure  to  be  easily 
changed  as  well  as  measurement  setup  to  be 
modified  and  surrounding  structures  to  be  taken 
into  account,  if  necessary,  leaving  enough 
possibilities  to  the  test  engineer  for  quick 
investigation  and  understanding  of  the  main 
factors  contributing  to  the  results  of  SE 
measurement.  Practical  examples  of  possible 
applications  of  the  model  considered  above 
include  purposes  of  enhancing  confidence  during 
the  construction  phase,  for  final  evaluation  and 
acceptance  test  as  well  as  for  maintenance  of  the 
shielded  enclosure.  Effects  of  painting  and  aging 
may  be  simulated  using  this  approach.  Express 
analysis  of  SE  performance  is  especially  valuable 
for  final  enclosure  evaluation  when  preparing  for 
the  acceptance  test,  in  the  case  of  reconfiguration 
/  structural  modification  of  measurement  facility, 
for  troubleshooting  and  maintenance  as  well  as 
training  of  personnel. 
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In  this  paper,  hybrid  absorbers  are  optimized 
for  specific  range  of  incident  angles  encountered  in  the 
test  chambers.  It  is  found  that  absorbers  optimized  for 
small  incident  angles  for  front  and  back  walls  and 
absorbers  optimized  for  large  incident  angles  in  side 
walls  and  ceiling,  site  attenuation  test  criteria  can  be 
achieved  for  a  wide  frequency  range.  Optimization 
procedure  and  results  obtained  are  presented  in  this 
paper.  The  usefulness  of  this  optimization  idea  is 
demonstrated  by  the  results  obtained. 

1.  INTRODUCTION 

Semi-anechoic  chambers  are  often  used  for 
EMC  measurements  as  an  alternative  to  ideal  open  area 
test  site.  Site  attenuation  test  and  field  uniformity  test 
have  to  be  performed  to  determine  whether  the  chamber 
is  suitable  to  be  used  for  radiation  test  and  immunity 
test.  Compared  to  field  uniformity  test,  the  requirement 
of  absorber  in  site  attenuation  test  is  more  strict, 
because  the  standards  for  site  attenuation  test  (ANSI 
C63.4  [1]  and  CISPR  16  [2])  restrict  the  deviation 
between  measured  results  and  ideal  value  while  field 
uniformity  test  just  restrict  the  deviation  measured  at 
test  points.  Between  3-meter  test  chamber  and  10-meter 
test  chamber,  the  requirements  for  absorber  used  in  10 
meter  chamber  is  more  limiting.  This  can  be  explained 
explicitly  by  ray  tracing  theory. 

In  ray  tracing  theory,  the  field  strength  at 
receiving  antenna  are  considered  to  be  the  total  effect  of 
waves  arrived  through  different  paths.  Those  rays 
which  reflect  only  once  from  the  absorber  are  most 
significant  here.  From  a  one-bounce  model  introduced 
in  [3],  it  is  evident  that  the  angle  of  incidence  for  side 
wall  and  ceiling  is  quite  large.  In  10m  test,  as  the 
distance  between  transmission  antenna  and  receiving 
antenna  are  longer  than  the  distance  between  antennas 
in  3  m  test,  the  incident  angle  to  the  side  wall  will  be 
even  greater  than  that  of  in  3  m  test.  Many  studies  have 
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already  indicated  that  as  the  angle  of  incidence 
approaches  grazing,  the  performance  of  absorber  is 
degraded.  So  for  10m  test  chamber,  special  care  must 
be  taken  for  the  large  incidence  occurring  on  the  side 
wall  and  ceiling. 

In  a  recent  paper  [4],  a  general  guideline  for 
absorber  reflectivity  has  been  given.  It  states  that  for 
10m  chamber,  the  reflectivity  for  normal  incidence 
should  be  less  than  -20  dB  and  for  45*  incidence,  the 
reflectivity  should  be  less  than  -15  dB.  According  to 
this  guideline,  we  examined  different  absorbers.  It  is 
found  that  reflectivity  less  than  -20  dB  in  normal 
incidence  doesn’t  guarantee  that  the  reflectivity  for  45' 
incidence  is  lower  than  -15  dB.  And  the  reflectivity  less 
than  -15  dB  for  45*  incidence  may  be  achieved  while 
the  reflectivity  for  normal  incidence  may  not  reach  -20 
dB.  By  adjusting  the  absorber  structure,  the  absorber 
can  be  optimized  for  different  incident  angle  range. 

In  our  study,  hybrid  absorbers  are  optimized 
for  the  specific  incident  angle  range  it  faces.  By 
installing  the  absorber,  optimized  for  small  incident 
angles,  in  the  front  wall  and  back  wall,  and  installing 
the  absorber,  optimized  for  large  incident  angles,  in  the 
side  wall  and  ceiling,  the  ±4  dB  criteria  in  site 
attenuation  test  can  be  achieved  in  a  wide  frequency 
range. 

Optimization  procedure  and  results  obtained 
will  be  introduced  in  this  paper.  The  simulated 
normalized  site  attenuation  for  a  semi-anechoic 
chamber  constructed  by  the  newly  designed  hybrid 
absorber  will  also  be  presented.  The  usefulness  of  this 
optimization  idea  is  demonstrated  by  the  results  we 
obtained.  Same  designing  idea  can  be  implemented  in 
designing  absorber,  placed  on  the  floor,  for  field 
uniformity  test. 
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2.  ABSORBER  OPTIMIZATION  APPROACH 


A  cost  function  proposed  in  (5]  has  been 
applied  here.  It  is  given  as 


(1) 


i-i  1 


where  NF  is  the  number  of  frequencies  in  the 
optimization  bandwidth; 

NA  is  the  number  of  angles  in  the  angular 
optimization  range; 

Roi1 1  is  the  absorber  reflection  coefficient  for 
parallel  polarization; 

Roi1  is  the  absorber  reflection  coefficient  for 
perpendicular  polarization; 

N  is  chosen  as  an  integer  greater  than  2,  so 
that  the  large  reflection  coefficient  will  have  more 
weight  than  the  small  reflection  coefficient.  Generally, 
N  should  not  be  more  than  4. 


£x{z)  =  £y(z)  =  Sc 


l-g(z) 


2k  -O 


[l  +  g(z)]£-0+[l-g(z)k 


(6) 


Mx{z)=My{z)  =  Mo 


2<X  ~  Mo) 


[i+^z)K+[i-g(z)KJ 

£,{z)=[l  -g(z)]ea+g(z)£a 

M,{z)  =  \l-g(z)\Mo  +  g(z)M* 


(7) 

(8) 
(9) 


where  ea  is  the  permittivity  of  the  absorber  material; 
ju  a  is  the  permeability  of  the  absorber, 

g  (z)  =  —  ,  L  is  the  length  of  absorber. 


By  minimizing  the  cost  function  in  certain  angular 
range,  the  optimized  design  of  absorber  structure  can  be 
obtained. 

3.  CALCULATION  OF  ABSORBER  COEFFICIENT 

Homogenization  model  proposed  in  [6,7] 
provides  a  simple  way  of  calculating  absorber  reflection 
coefficient  from  absorber  structure  and  properties. 
Here,  we  will  take  advantage  of  this  method. 

By  utilizing  homogenization  model, 
geometrically  shaped  absorber  can  be  modeled  as  an 
planar  in-homogenous  material.  The  reflection 
coefficient  of  the  equivalent  in-homogenization 
medium  can  be  calculated  by  using  multi-layer 
approximation,  i.e.  dividing  the  effective  absorber 
medium  into  N  layers  and  assigning  each  the  bulk 
parameter  value  at  the  layer  midpoint,  and  applying 
Kong’s  formula. 

The  equivalent  material  properties  of  a 
pyramid  absorber  are : 


For  the  grid  ferrite  tile,  the  equivalent  material 


properties  are  : 


M- 


M- 


£t  0  0 

0  e,  0 

0  0* 


Mt  0  0 

0  Mi  0 

0  0 


,(zr=*a+— i 


i-s00 
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{£0  £a)  2* 
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g(z) 
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(10) 


(11) 
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M,=^MX-My 


(2)  fz(^)  =  [1-^(^)]^o  +8£*  d4) 

M,(z)  =  ll~  S(z)]Mo  +  gMa  (15) 

where  g(z)  =  — . 

(3)  L 

The  reflection  coefficient  of  a  planar  in- 
homogenous  uniaxial  lossy  material  can  be  computed 

(4)  numerically,  or  approximately  in  terms  of  integral 
expression.  However,  a  much  simpler  approach  here  is 

(5)  to  divide  the  effective  absorber  medium  into  N  layers 
and  assign  each  the  bulk  parameter  values  at  the  layer 
midpoint  [8],  then  applying  the  layered  media 
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equations  to  calculate  the  reflection  coefficient  of  the 
layered  homogeneous  medium  (Fig.  1).  If  N  is  chosen 
reasonably  large,  such  that  the  layer  thickness  are  small 
compared  to  the  wavelength  in  the  medium  then  the 
results  will  be  accurate  and  the  computation  time  will 
be  much  less  than  using  equivalent  in-homogenous 
transmission  line  theory. 


Region  N 

Region  N+l 

Region  t=N+2 
(Metal  Wall) 


Fig.  1.  Ray  incident  on  a  layered  medium 


The  calculation  algorithm  for  a  layered 
medium  is  given  as  following: 

1.  Calculating  the  effective  permittivity  and 
permeability 

The  effective  permittivity  and  permeability  for  each 
layer  (including  the  air  layer)  are: 


for  perpendicular  polarization  (TE), 


Mcft  =  P* 


(16) 

(17) 


and  for  parallel  polarization(TM). 


(18) 

(19) 


b)  calculating  p<„. i* 


for  TE  wave, 


for  TM  wave, 


P  (n-l)z^  nz 

P(n~l)n  ~  Li  k 

P  nzft(n-l)z 

£  ta 


P(n-\)n 


^nz^(n-l)z 


c)  calculating  the  reflection  coefficient  between  regions 
n-1  and  n 

r  ^  P(n' I)" 

1  (n-l)n  ~  '  ’ 

1  +  P(n-l)n 

d)  using  iteration  to  calculate  the  reflectivity  of  multi¬ 
layer  medium 

«(*♦,,  =  r(N  +  1)te)n-d”  (24) 

eJ **.>.  fl-(l/r2n(n..))yJU<”*"-  +  **',rf“ 

~  r  +  (i  /  r  ,  d 

1  n(n  +  l)  /  r  n(n+|)  je  +  Kntl 

(25) 

Reflectivity:  _  _L  (26) 

where  r(N+1)t  is  the  reflection  coefficient  between  N+l 

layer  and  t  layer.  If  t  layer  is  metal  wall, 
for  TE  wave  =  -1 , 

for  TM  wave  r(N+nt  =  1 . 


4.  OPTIMIZED  DESIGN  OF  ABSORBER 
FOR  10M  CHAMBER 


During  the  study  of  multi-bounce  anechoic 
chamber  model,  it  is  found  that  for  chamber  lined  with 
good  absoiber,  i.e.  its  reflection  coefficient  is  close  to  or 
less  than  -20  dB  at  normal  incidence,  only  the  ray 
reflected  once  from  absorber  need  to  be  considered. 
Since  in  10m  anechoic  chamber,  the  incident  angle  for 
a  one-bounce  ray  reflected  from  ceiling  and  side  wall  is 
generally  within  35-55  degree  and  the  incidence  angle 
for  a  one-bounce  ray  reflected  from  front  wall  and  back 
wall  is  generally  within  0-15  degree,  absorber 
optimization  should  be  performed  for  0-15  degree 
incident  angle  and  35-55  degree  incident  angle 
individually. 


2.  Calculating  the  reflectivity  by  using  Kong’s 
formula: 

a)  calculating  z  directed  propagation  constant  of  region 
n: 


The  absorber  used  in  our  study  is  an  hybrid 
absorber  constructed  by  pyramid  foam,  grid  ferrite  tile 
and  a  plywood  (dielectric)  layer  (Fig.  2).  The 
permittivity  of  carbon  load  pyramid  foam  is  shown  in 
Fig.  3  and  the  permeability  of  ferrite  tile  is  shown  in 
Fig.  4. 
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Fig.  2.  Structure  of  a  hybrid  absorber  used  in  this 
study 


Fig.  3.  Relative  permittivity  of  absorber  used  in  this 
study  ( e=e  '+£  ") 


Fig.  4.  Relative  permeability  of  grid  ferrite  tile  used  in 
this  study  (/u  =  /u  '+ju  ") 

In  order  to  minimize  absorber  size,  the  length 
of  taped  foam  is  kept  within  0.45m  and  its  base  is  kept 
within  0.1m.  By  using  optimization  approach,  it  is 
found  that  the  optimal  dimension  of  absorber  for  0-15 
degree  incidence  wave  and  for  35-55  incidence  wave  is 
given  as  Tab.  1. 


Table  1:  Optimal  Dimension  of  Absorber  for 
Different  Angles  of  Incidence 


Optimized  for 
0-15  degree 
incident  angle 

Optimized  for 
35-55  degree 
incident  angle 

grid  ferrite  tile 
g  value* 

0.82 

0.92 

grid  ferrite  tile 
thickness 

0.0053m 

0.0053 

thickness  of 
plywood  layer 

0.009m 

0.01 

*  g  is  the  fraction  of  space  occupied  by  absorber 


Reflectivity  (dB) 


Fig.  5.  Calculated  reflectivity  of  absorber  optimized  for 
0-15  degree  incidence 


Reflectivity  (dB) 


Fig.  6.  Calculated  reflectivity  of  a  hybrid  absorber 
optimized  for  35-55  degree  incidence 


The  results  in  Fig.  5  shows  that  the  absorber 
optimized  for  0-15  degree  incidence  can  not  satisfy  the 
-15  dB  guideline  at  45  degree  incidence  [4]  in  low 
frequency  range  and  the  results  in  Fig.  6  shows  the 
absorber  optimized  for  35-55  degree  incidence  can  not 
satisfy  -20  dB  guideline  at  normal  incidence  in  high 
frequency  range.  However,  by  installing  absorber 
optimized  for  small  incident  angle  on  front  and  back 
wall  and  installing  absorber  optimized  for  large 
incident  angle  at  side  wall  and  ceiling,  the  chamber’s 
performance  is  very  well  (Fig.7). 


Fig.  7.  Calculated  deviation  of  NS  A  in  a  chamber  lined 
with  newly  designed  material 


5.  CONCLUSIONS 

This  paper  introduced  an  optimized  new 
design  of  wideband  absorber  for  10M  EMC  test 
chamber.  The  design  procedure  and  results  obtained 
showed  that  the  absorber  lined  on  anechoic  chamber 
can  be  tailored  according  to  the  wave  it  mainly 
encounters. 

The  absorber  designed  for  large  incident  angle 
in  this  study  can  be  used  in  field  uniformity  test. 
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This  paper  presents  a  functional-level  detector 
simulation  technique  which  is  based  on  the  Hilbert 
Transforms  and  can  be  used  together  with  the  Discrete 
Technique.  AM-detector  simulation  as  well  as  its 
constrains,  improvements  and  validation  has  been 
discussed  in  detail.  It  has  been  shown  that  the  RC-circuit 
at  the  detector  output  should  be  ignored  during  the 
simulation.  The  technique  proposed  can  be  used  for  a 
rapid  nonlinear  EMC/EMI  modeling  at  the 
system/subsystem  level. 

1. INTRODUCTION 

Numerical  modeling  of  a  radio  electronic  system  is  a 
very  useful  tool  for  electromagnetic 
compatibility/interference  (EMC/EMI)  analysis,  in  that  it 
allows  for  the  simulation  of  system  behavior  for  a  wide 
variety  of  initial  conditions,  excitations  and  system 
configurations  in  a  rapid  and  inexpensive  way  [1].  A 
system  can  often  reveal  nonlinear  behavior  and  nonlinear 
phenomena  (intermodulation,  cross-modulation,  gain 
compression/expansion  etc.)  has  profound  effect  on 
EMCEMI  in  some  cases  [2].  A  nonlinear  modeling  tool 
must  be  used  in  order  to  carry  out  EMCEMI  analysis  in 
such  a  case. 

A  nonlinear  modeling  technique  (so  called  ‘discrete 
technique’)  for  numerical  EMCEMI  simulation  at  the 
system  level  has  been  proposed  in  [3],  This  technique 
allows  one  to  carry  out  rapid  numerical  EMCEMI 
analysis  of  a  complex  system  or  subsystem  (i.e.  receiver, 
transmitter  etc.)  or  a  set  of  systems/subsystems  in  a  wide 
frequency  range  taking  into  account  nonlinear  effects 
(including  spurious  responses  of  a  receiver).  Such  an 
analysis  is,  for  instance,  a  very  important  part  of 
EMCEMI  modeling  of  a  mobile  communication  system 
[4,5]. 

The  basis  of  the  discrete  technique  [3,6]  is  a 
representation  of  the  equivalent  block  diagram  of  a 
system  as  linear  filters  (LF)  and  memoryless  nonlinear 
elements  (MNE)  connected  in  series  (or  in  parallel). 
Thus  a  stage  which  employs  a  nonlinear  element,  for 
example,  a  radio  frequency  amplifier,  can  be  represented 
as  a  typical  radio  stage,  which  employs  the  linear  filter  at 
the  input,  the  memoryless  nonlinear  element  and  the 
linear  filter  at  the  output  [2],  see  Fig.l. 


The  process  of  signal  passage  through  linear  filters  is 
simulated  in  the  frequency  domain  using  the  complex 
transfer  factor  of  the  filter, 

Sou,{f„)  =  Sin{f„) -K{fn).,  (1) 


where  Sou,(fJ-  is  the  signal  spectrum  at  the  filter  output, 
S,„(fn)  -  the  signal  spectrum  at  the  filter  input,  K(fJ  -  is 
the  complex  transfer  factor  of  the  filter,/,  -  are  sample 


Fig.l.  Representation  of  a  typical  radio  frequency 
stage 


frequencies.  The  process  of  signal  passage  through  a 
nonlinear  memoryless  element  is  simulated  in  the  time 
domain, 

/ 

•wM 

i=i 

where  «„„,(/)  -  is  the  instantaneous  value  of  the  signal  at 
the  MNE  output,  «,„(/*)  -  is  the  same  for  the  MNE  input, 
tk  -  are  sample  points  in  time,  a,  -  are  coefficients  of  the 
high-order  polynomial  which  describes  the  transfer 
characteristic  of  the  nonlinear  element;  I  -  is  order  of  the 
polynomial.  The  transition  from  the  time  domain  to  the 
frequency  domain  and  vice  versa  is  made  with  the  use  of 
the  direct  and  inverse  Fast  Fourier  Transform  (FFT  and 
IFFT): 

S  =  FFT(u)  ,  u  =  IFFT(S)  .  (3) 

The  determination  of  the  sampling  rate,  the  sample 
frequency  interval,  the  number  of  samples  as  well  as  a 
polynomial  synthesis  technique  have  been  discussed  in 
[6].  Using  this  technique,  a  radio  receiver  can  be 
simulated  in  a  wide  frequency  range  with  a  very  high 
frequency  resolution  (up  to  106  -  107  sample  frequencies) 
on  a  modem  PC  in  dozens  of  minutes  (a  conventional 
circuit-level  simulation  would  require  several  years  for 
such  an  analysis). 

The  essential  limitation  of  this  technique  is  that  (1) 
the  nonlinear  element  is  to  be  memoryless  (or,  at  least, 
the  non-zero  memory  of  the  nonlinear  element  must 
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allow  an  assignment  to  the  linear  filters),  (2)  the 
succeeding  element  in  the  functional  block  diagram  does 
not  influence  the  preceding  one  (in  some  cases,  this 
influence  can  be  taken  into  account  by  the  use  of  the 
equivalent  transfer  factor).  Therefore  this  technique 
cannot  be  directly  applied  to  the  detector  simulation, 
which  is  an  essential  limitation  on  its  possibilities  -  the 
simulation  of  a  radio  receiver  can  be  carried  out  only  as 
far  as  the  output  of  the  intermediate  frequency  (IF)  path 
(the  detector  input)  and,  correspondingly,  baseband 
signal  processing  cannot  be  simulated.  But  the  detector 
and  baseband  signal  processing  can  substantially 
influence  the  EMC/EMI  situation,  so  it’s  desirable  to 
have  an  appropriate  simulation  technique. 

This  article  presents  several  methods  used  so  as  to 
simulate  various  (amplitude  (AM),  frequency  (FM)  or 
phase  (PM))  detectors  at  the  system  (functional)  level, 
which  can  be  used  together  with  the  discrete  technique. 
The  method  of  an  amplitude  detector  simulation,  which 
is  based  on  the  Hilbert  transforms,  as  well  as  its 
constraints,  improvements  and  validation  has  been 
discussed  in  detail. 

2.  AM  DETECTOR  SIMULATION 

Since  the  primary  function  of  an  AM  detector  is  to 
generate  output  signal  which  is  proportional  to  the 
amplitude  of  an  input  signal,  it’s  necessary  to  calculate 
the  input  signal  amplitude  in  order  to  carry  out  the 
simulation.  A  signal  at  the  input  of  a  radio  receiver 
detector  is,  as  a  rule,  a  narrowband  one,  so  the  Hilbert 
transform  can  be  used  for  this  purpose  (  we  should  note 
that  the  requirement  for  the  input  signal  to  be 
narrowband  is  dictated  by  not  Hilbert  transform  itself 
which  can  be  applied  to  a  broadband  signal  too,  but  by 
the  RC-circuit  present  at  the  detector  output.  Further  this 
issue  will  be  discussed  in  detail). 

For  the  sampled  spectrum  which  is  used  in  the 
discrete  technique,  the  Hilbert  transform  takes  the 
simplest  form  [7]: 

Sn*  =  -jSn,  (4) 

where  Sn  =  StfJ  -  is  a  sampled  spectrum,  S„*  -  is  the 
spectrum  of  the  Hilbert  conjugate  signal,  j  -  is  the 
imaginary  unit.  The  input  signal  amplitude  can  be 
obtained  with  the  use  of  the  well-known  ratio  [7,8] 


where  uk  =  u(tj  -  is  the  sampled  input  signal,  uk*  -  the 
Hilbert  conjugate  signal  of  uk .  uk*  is  obtained  from  S„* 
by  means  of  inverse  FFT 

uk*  =  IFFT(Sn)  .  (6) 

In  the  simplest  simulation  technique,  Ak  can  be  used  in 
order  to  obtain  the  detector  output  signal 

Uoui,k  kd  *  Ak  (7) 


where  kd  -  is  the  detector  transfer  factor.  This  approach 
works  quite  well  in  some  practical  cases.  But,  as  a 
detailed  consideration  shows,  there  are  two  constrains  for 
this  approach: 

(1)  the  bandwidth  of  the  input  signal  must  be  smaller 
than  the  cut-off  frequency  of  a  low-pass  filter  (RC- 
circuit)  at  the  detector  output, 

4//«  <  Fan  >  (8) 

(in  some  cases  this  constrain  can  be  relaxed,  see  below), 
and 

(2)  the  input  signal  must  be  large  enough  so  that  the 
detector  operates  in  the  large  signal  mode, 

dk  >  Am/„  ,  (9) 

where  Ami„  -  is  a  threshold  level  which  is  determined  by 
the  volt-ampere  characteristic  of  the  nonlinear  device 
used  in  the  detector  (for  a  diode  detector,  Amln  » 
0.2-r0.7V). 

The  second  constrain  is  rather  obvious  -  only  in  the 
large  signal  mode  the  output  signal  in  an  AM  detector  is 
proportional  to  the  input  signal  amplitude  ( kd  is  a 
constant).  In  the  small  signal  mode,  kd  is  a  function  of  Ak 
and  the  spectral  content  of  the  output  signal  is  much 
richer  than  that  of  Ak  .  This  technique  doesn’t  “feel”  the 
difference  between  the  small  and  large  signals  modes 
since  the  Hilbert  transform  is  linear  relative  to  the  input 
signal  amplitude 

uk*(c-uij  =  C-Uk*(U!),  (10) 

where  c  -  is  a  constant,  and,  correspondingly,  Ak(c-uk)= 
c-Arfu/J  .  By  this  reason,  this  technique  cannot  predict 
harmonics  of  the  modulating  signal,  which  always  are 
present  at  the  detector  output  (fortunately,  for  most  of 
practical  detectors,  they  level  are  rather  low  and  may  be 
disregarded  in  EMC  problems). 

To  discus  the  first  constrain  in  detail,  let  us  consider 
the  detector  shown  in  Fig.  2. 


Fig.  2.  AM  diode  detector 

If  the  bandwidth  of  the  input  signal  Ein  (which  contains 
interference  as  well  as  a  required  signal)  is  smaller  than 
the  cut-off  frequency  of  the  RC-circuit  at  the  detector 
output,  the  output  signal  u0U,  repeats  the  amplitude  of  the 
input  signal  at  the  same  moment  of  time  -  the  detector  is 
said  to  be  memoryless.  If  not,  the  output  signal  doesn’t 
repeat  the  amplitude  of  the  input  signal  and  depends  on 
its  levels  at  the  preceding  moments  of  time  -  the  detector 
is  said  to  have  memoiy.  To  determine  the  boundary 
between  these  two  modes,  let’s  consider  the  input  signal 
shown  in  Fig.3.  This  signal  consists 
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fc  firrt  f 


Fig.  3.  Spectrum  of  the  input  signal.  fc  -  carrier 
frequency,  Fra  -  modulating  frequency,  fu,t  -  interference 
frequency. 

of  the  required  AM  signal  and  the  interference  signal. 
The  required  signal  bandwidth  is  always  smaller  than  the 
cut-off  frequency  (the  design  constrain).  The  interaction 
between  the  interference  and  the  required  signal  will 
result  in  beat.  So,  we  must  consider  the  difference 
between  the  interference  frequency  and  the  required 
signal  frequencies  (the  beat  frequencies).  Taking  into 
account  that  the  side  frequencies  levels  are,  as  a  rule, 
smaller  than  that  of  the  carrier  and  for  the  sake  of 
simplicity,  we  shall  consider  further  the  beat  between  the 
carrier  and  the  interference  (beat  between  the  side 
frequencies  and  the  interference  can  be  considered  in  a 
similar  way).  Then  the  signal  bandwidth  is  equal  to  the 
beat  frequency 

Afin=fbeat~ fin~~ fc  i  (11) 

wher efbea,  -  is  the  beat  frequency.  If  condition  (8)  is  true, 
then  the  output  signal  repeats  the  input  signal  amplitude 
and  the  technique  works  quite  well.  Otherwise,  the  output 
signal  doesn’t  repeat  the  input  signal  amplitude  because 
capacitor  Ci  has  not  managed  to  discharge  with  the  beat 
frequency:  the  rate  of  the  capacitor  discharge  vc  is 
smaller  than  the  rate  of  the  change  of  the  beat  signal 
amplitude  vbea, .  Let’s  assume  for  simplicity  that  uin,  <  uc 
,  where  uint  -  interference  level,  uc  -  required  signal  level 
without  modulation  (the  opposite  case  can  be  considered 
in  a  similar  manner).  Then,  taking  into  account  the 
exponential  law  for  the  capacitor  discharge,  we  obtain 
the  following  assessment  for  vc: 

uc 

*C"-f  .  (12) 

where  t  =  R,C,  -  is  the  RC-circuit  constant.  In  a  similar 
way  we  obtain  the  following  assessment  for  the  average 
value  of  Vbeat : 

vbea,  *  TTT1—  .  (13) 

***  beat 

where  Tbea!=l/fbea,-l/Afm  -  is  the  beat  period,  since  the 
beat  amplitude  equals  the  interference  amplitude.  Our 
simulation  technique  will  predict  the  correct  output 
signal  if  vc  >  vbeal ,  or,  using  (12)  and  (13) 

4  ur 

Mint  <~f  >  (14) 

T '  J  beat 

From  this  condition  we  can  conclude  the  following:  if  the 
interference  level  is  rather  low,  then  the  output 
interference  level  (at  the  beat  frequency)  is  not  affected 


by  the  RC-circuit  even  if  the  beat  frequency  is  larger  than 
the  cut-off  frequency  of  the  RC-circuit  (this  conclusion  is 
also  confirmed  by  the  PSpice  simulation  -  see  below). 

Thus,  it’s  absolutely  unacceptable  to  model  the  AM 
detector  as  the  series  connection  of  a  nonlinear  element 
(or  a  frequency  transformer)  and  a  low-pass  filter,  as  it 
has  been  proposed  by  some  authors.  Physically  it  can  be 
explained  as  follows:  the  capacitor  is  discharged  through 
the  resistor  RI  and  is  charged  through  the  direct  diode 
resistance  which  is  much  smaller  than  Ri  ,  so  the 
discharge  time  constant  and  the  charge  time  constant  are 
quite  different. 

From  the  practical  viewpoint,  spectral  components  of 
the  detector  input  signal,  which  lie  outside  of  the  IF  path 
bandwidth,  will  be  strongly  attenuated  by  the  IF  path,  so 
that  condition  (14)  will  be  fulfilled.  If,  nevertheless,  it  is 
not,  it  means  that  these  spectral  components  have  very 
large  level  at  the  receiver  preselector  and  the  receiver  is 
completely  blocked. 

If  condition  (14)  is  not  true,  then  the  output 
interference  signal  will  be  attenuated  by  the  RC-circuit. 
But  the  attenuation  factor  will  be  smaller  then  the 
transfer  factor  of  the  RC-circuit.  Thus,  the  optimal 
decision  is  to  ignore  the  RC  circuit  during  the  simulation 
at  all. 

Taking  into  account  all  considerations  given  above, 
we  can  present  the  AM  detector  simulation  scheme  as  on 
Fig.4. 


Fig.4.  AM-detector  simulation  scheme.  Sin  -  input 
signal  spectrum,  Sou,  -  output  signal  spectrum. 


We  should  note  that  if  an  additional  low-pass  filter  is 
connected  to  the  detector  output  (as  on  Fig.5)  then  this 
filter  must  be  taken  into  account  (since  the  capacitor  C2 
charge  and  discharge  time  constants  are  the  same) 

Sow  =  Sout-K(f)  ,  (15) 

where  Sou,  -  spectrum  at  the  filter  output,  K(f)  -  complex 
transfer  factor  of  the  filter.  The  scheme  on  Fig.  4  must  be 
corrected  too. 


Fig.  5.  AM  diode  detector  with  a  low-pass  filter 
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The  technique  proposed  can  be  used  to  simulate  an 
AM  detector  in  the  small-signal  mode.  In  this  case,  kd 
must  be  considered  as  a  function  of  Ak  .  An  appropriate 
approximation  to  this  function  can  be  found,  for  instance, 
in  [9].  Harmonics  of  the  modulating  signal  can  also  be 
predicted  in  this  way. 

Let’s  consider  determination  of  the  sampling  rate,  the 
sample  frequency  interval  and  the  number  of  samples. 
It’s  similar  to  the  determination  of  these  quantities  for  the 
discrete  technique  [3,6].  The  maximum  sample 
frequency  fnmax  must  be  higher  than  the  highest  input 
spectrum  frequency  fn,max  with  some  margin, 

fn,max  ~  k ‘fin ,  max  (16) 

where  k  -  is  a  margin  factor  ( k=2...10 ).  The  sample 
frequency  interval  Aft,  must  be  lower  with  some  margin 
than  the  lowest  input  beat  (or  modulating)  frequency 
fbeai.mm  which  should  be  modeled, 


Afn  k l'fbeat.min  (17) 


where  kj  -  is  a  margin  factor  (k^O.l  ...  0.5).  Using  (16) 
and  (17),  we  find  the  number  of  samples 


N  =  2 


fn, 


max 


fbeat,  min 


(18) 


We  must  round  off  this  number  to  a  power  of  two  (in 
order  to  use  FFT) 

N  =  2m,  m  =  [log2  V]  + 1  (19) 

where  [*]  -  is  the  whole  part.  Further  we  recalculate  Afn 
for  constant  fKmax  (or  fn,max  for  constant  4Q  using 
equations  (16)-(18). 


3.  SIMULATION  TECHNIQUE  VALIDATION 

In  order  to  validate  the  technique  proposed,  an 
extensive  circuit-level  simulation  of  the  diode  AM- 
detector  given  on  Fig.2  (the  cut-off  frequency 
F^,=30kHz)  has  been  carried  out  by  means  of  well- 
known  simulation  tool  PSpice  [10],  The  input  signal  used 
in  the  simulation  is  as  that  on  Fig.3.  Some  results  of  this 
simulation  and  the  comparison  with  the  technique 
proposed  are  presented  on  Fig.  6  and  7.  For  Fig.6,  the 
interference  frequency  is  within  the  required  signal 
bandwidth  (parameters  of  the  input  signal:  fc=lMHz, 
Fm=10kHz,  modulation  index  m=0.3,  uc=3V,  uin,~3V, 
fnt=1015kHz).  As  it  can  be  seen  from  this  figure,  the 
agreement  between  our  technique  and  PSpice  predictions 
is  quite  well  for  levels  not  smaller  than  -20  ...-30dB 
relative  to  the  maximum.  All  effects  known  from  the 
theory  (signal  compression,  beat  generation  at  the 
frequencies  fnt  -  fc  ,  f„,  -  fc  -Fm  ,  f„,  -  fc  +  Fm  etc.)  are 
predicted  quite  well.  We  should  note  that  the  technique 
proposed  works  more  than  ten  times  faster  than  PSpice. 

For  Fig.7,  the  interference  frequency  lies  outside  of 
the  required  signal  bandwidth  (parameters  of  the  input 
signal:  fc=lMHz,  Fm=10kHz,  m=0.3,  uc=3V,  uinl=lV, 
fm- 1 1 00kHz).  As  it  can  be  seen  from  this  figure, 
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Fig.6  Spectrum  at  the  detector  output  (input  signal 
-  as  shown  on  Fig.3).  The  interference  lies  within 
the  required  bandwidth. 
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Fig.7  Spectrum  at  the  detector  output  (input  signal  -  as 
shown  on  Fig.3).  The  interference  lies  outside  the 
required  bandwidth. 

the  largest  beat  level  at  the  frequency  =  100kHz  is 
predicted  quite  well.  It  proves  our  conclusion  that  the 
RC-circuit  must  be  discarded  during  the  simulation  (for 
the  present  case,  (finl  -  fj/f  cu,  «  3  so  if  the  RC-circuit  had 
operated  as  an  usual  low-pass  filter,  three-fold 
attenuation  would  have  been  expected  for  this  beat 
frequency,  which  is  not  observed  in  reality).  To  predict 
small  spectral  components  more  accurately,  it’s 
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necessary  to  use  an  appropriate  approximation  for  k/A/J 
instead  of  a  constant. 


4.  FM  DETECTOR  SIMULATION 


A  similar  approach  can  be  used  in  order  to  simulate 
an  FM  or  PM  detector.  Using  the  Hilbert  Transform,  we 
find  instant  angular  frequency  of  the  detector  input  signal 
[8] 


0)k 


A t-Al 


(20) 


where  At  -  is  the  time  sample  interval.  Output  signal  of 
an  FM  detector  is  proportional  to  the  difference  between 
the  instant  frequency  and  the  detector  resonant  frequency 

(Oo 

uout,k  «*</(«>* -®o)  (21) 


This  equation  is  valid  for  the  linear  part  of  the  detector 
input-output  characteristic  when 

\(Dk  -fl>0|<  Aft>  ,  (22) 


where  Aco  -  is  the  linear  part  width,  and  for  a  sufficiently 
large  input  signal  when  its  amplitude  is  constant  due  to 
the  limiter  which  is  connected  in  front  of  the  detector, 

^lim ,in  —  ^th,m  »  (23) 

where  -  is  a  signal  amplitude  at  the  limiter  input, 
A,h  m  -  its  threshold  level  (the  saturation  level).  In  other 
cases,  this  equation  should  be  generalized  to  take  into 
account  the  nonlinearity  of  the  detector  characteristic  and 
its  dependence  on  the  input  signal  amplitude 

kd  =kd(cok-co0,Ak)  ■  (24) 

Appropriate  approximations  for  the  dependence  of  kd  on 
WirCOo  can  be  found  in  [9],  The  dependence  of  kd  on  Ak 
can  be  approximated  by 


have  been  discussed  above  can  increase  the  analysis 
dynamic  range. 

Further  reduction  in  the  computational  time  can  be 
achieved  by  decreasing  the  sampling  rate  (i.e.  computing 
the  output  signal  samples  u0Utik  not  for  every  k  ,  but  only 
for  some  k)  at  the  output  due  to  the  fact  that  the  output 
spectrum  is  a  baseband  one 

An  PM  detector  can  be  simulated  in  a  way  similar  to 
the  FM  detector  simulation. 
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5.  CONCLUSION 

We  can  conclude  that  the  technique  proposed 
predicts  output  spectral  components  which  are  not 
smaller  than  -20dB  relative  to  the  maximum  level  quite 
well.  The  feasible  improvements  of  the  technique,  which 


8.  “Computer-aided  circuit  design”.  Editor  V.N.  IP  in, 
Radio  I  Cvjaz,  Moscow,  1987.  (in  Russian). 

9.  “Radio  receivers”,  Editor  V.I.  Siforov,  Sovietskoe 
Radio,  Moscow,  1974.  (in  Russian). 

10.  “MicroSim  PSpice  &  Basics.  User’s  Guide.” 
MicroSim  Corporation,  Irvine,  California,  1996. 

BIOGRAPHICAL  NOTES 

Dr.  Sergey  L.  Loyka  was  bom  in  Minsk,  Republic  of 
Belarus  on  August  6,  1969.  Since  1995  he  is  Senior 
Researcher  of  the  Electromagnetic  Compatibility 
Laboratory,  Belorussian  State  University  of  Informatics 
and  Radioelectronics.  Dr.  Loyka  is  a  member  of  the  New 
York  Academy  of  Sciences  and  IEEE  EMC  Society.  He 
has  about  40  publications  in  the  area  of  electromagnetic 
compatibility,  active  and  self-phased  antenna  arrays, 
nonlinear  circuit  analysis,  computer-aided  modeling  and 
design. 


EMC  98 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


BLIND  DECONVOLUTION  OF  SPURIOUS  SIGNALS  IN  NOISE 


J6zef  Jacek  Pawelec,  Artur  Przybysz 

Military  Communication  Institute,  05-130  Zegrze,  Poland  (e-mail:  przybysz@cc.wil.waw.pl) 


Abstract  -  Two  methods  of  reconstruction  of  digital 
signals,  distorted  by  nonlinear  phase  of  channel  and 
corrupted  by  A  WG  noise  has  been  proposed..  The  first 
method  is  based  on  3-rd  order  cumulant  function,  the 
second  -on  4-th  order  moment  function.  The  both  utilize 
adaptation  techniques.  Some  simulation  results  relating 
to  Bernoulli-Gauss  and  bipolar  signals  ±1  are  included 
Their  deconvolution  consistency  is  0. 98  and  1,  resp. 

1. INTRODUCTION 

The  paper  deals  with  the  so-called  spurious 
emissions,  generated  by  the  digital  equipment  such  as 
printers,  displays  and  others.  Because  of  the  very  wide 
spectrum  of  such  emissions  and  of  poor  channel 
characteristics,  the  shape  of  signal  at  the  receiving  point 
is  deeply  distorted.  We  usually  do  not  dispose  the  unit 
impulse  response  function  h(k) .  If  however  the  medium 
of  emanation  presents  a  linear  time  invariant  system 
(LTIS),  it  is  possible  to  recover  the  input  signal  -  to 
some  degree  of  consistency  -  on  the  basis  of  higher- 
order  statistics  (HOS)  and  adaptation  techniques.  The 
fundamental  works  on  this  field  have  been  laid  by 
Swami,  Mendel,  Nikias,  Cadzow  and  Haykin  [1,3, 5,7] 
The  general  approach  to  the  problem  is  illu¬ 
strated  in  Fig.l.  An  independent  digital  series  s(n )  is 
led  to  the  input  of  LTIS  channel.  In  our  experiments  it  is 
represented  by  a  physical  or  theoretical  all-pass  filter.  If 
s(n )  is  a  random  sequence  of  bipolar  signals  (±1)  and 
the  phase  characteristics  of  LTIS  is  nonlinear,  the  output 
x(n)  is  no  longer  a  binary  series  -  rather  some  nearly 
uniform  distribution  random  series 


Fig.l.  The  diagram  of  experiment 


If  we  knew  the  unit  impulse  response  function  /r(A) ,  the 
output  x(n)  would  be  as  follows 

x(nJ=J ]h(k)s(n-k)  k= 0,1,2,...  (1) 

This  is  however  not  the  case.  So  we  have  to  look  for 
another  method.  Since  the  distortions  of  signal  are 
caused  by  a  linear  system,  it  is  reasonable  to  use  -for  the 
recovering  operation  -also  some  linear  system.  The 
simplest  one  is  a  finite  impulse  response  (FIR)  filter. 
The  farther  procedure  includes  an  adaptation  process.  It 
consists  of  two  phases,  Fig.l.  In  the  first  one  we  choose 
the  proper  criterion  function  -  a  measure  of  difference 
between  s(n)  and  its  estimate  s' (n)  =  y(n)  .  At  the 
second  phase  we  elaborate  an  algorithm,  which  matches 
the  filter  coefficients  J3(k)  o  h“'(k)  to  the  values  of 
criterion  function. 

In  the  present  paper  we  consider  two  methods:  the 
first  one  is  based  on  cumulant  function  of  the  3-rd  order 
and  the  second  -  on  normalized  4-th  order  moment 
function.  The  moment  is  a  derivative  of  characteristic 
function,  the  cumulant  -a  derivative  of  normal  logarithm 
of  this  function. 

2.FOUNDATIONS  OF  CUMULANT  METHOD 

The  cumulant  function  (in  the  biased  form)  is 
defined  as  follows  [1] 

|  L-mx(0,m,n ) 

c(m,n)  =  —  X y(k)y(k  +  m)y(k  +  n )  (2) 

^  k=L+mx(0,-m-n) 

where  y(k)  is  a  data  series;  L-  a  number  of  samples; 
m,n  -  the  mutual  displacements  (lags)  of  series, 
m,n  =  0,±1,±2,... 

We  recognize  that  distortion  process  is  linear,  so  the 
output  and  input  signals  y  and  x  should  be  related  by  a 
linear  operation 

'Zftx(k-i)  =  y(k)  i  -  0,1,2,...  A  fi0  =  1  (3) 

where  A  is  an  order  of  FIR  filter  and  /?,  is  a  vector  of  its 
coefficients. 
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Let  us  multiply  eq.  (3)  by  x(k  +  m)x(k  +  n)  and  take  the 
expectation  values.  So,  we  obtain 

j30E{x(k)x(k  +  m)x(k  +  «)}  + 
dE{x(k  - 1  )x(k  +  m)x(k  +  «)}+.,.= 

(4) 

J30cx(m,n)  +  ftcx(m  +  \,n  +  l)+... 

+  /3Kcx(m+  K,n  +  K)  =  cxy{m,n) 

where  cx  is  a  cumulant  function  and  cxy  -  a  cross- 
cumulant  function 

c xy  =  E{y(k)x(k  +  m)x(k  +  n)  (5) 

It  has  been  shown  that  for  causal  filters  the  cross-cum- 
ulant  function  is  identically  zero  for  m  <  0  or  n  <  0  [2], 


0  200  400  600  800  1000 

Fig.  3.  The  recovered  signal 

Then  we  obtain 

c(w  +  l,«  +  l)$  +  c(m  +  2,n  +  2)^2+... 

+  c(m  +  K,n  +  K)Pk  =  -fi0c(m,  n)  (6) 

for  m  <  0  or  n  <  0 
This  may  be  expressed  in  a  matrix  form 

ChPk  ~  ~Pqc  (^3) 

where  pK-  a  vector  of  FIR  coefficients 


Pk  =  [Pk’Pk-]>-’PAT  i  c  -  a  cumulant  vector 

c  =  [c(-l  ,-K),  c(-2,-K),...,c(-l-K  + 1) 
c{-2-K  + 1), .. . ,  c(-l,  0),  c(-2, 0), . . . ,  c(-KMr 


CH  -  Hankel  matrix  (the  same  components  along 
diagonals  45°). 

Henkel  matrix  may  be  received  from  cumulant  matrix. 

Let  us  consider  a  simple  example: 

x(n)=  [2  -2  -2  2  2  -2-2  2],  K=2. 

Then,  according  to  eq.  (2)  the  cumulant  matrix  is  as 
follows 


c(-2,~2)  =  0 
c(-l,-2)  =  2 


C  = 


c(0,-2)  =  0 


c(l -2)  =  -1 


c(  2,-2)  =  0 


c(~  2,-1)  =  2 
c(-l,-l)  =  -l 
c(  0,-1)  =  -1 
c(  L-l)  =  2 

c(2,-I)  =  -l 


c(-2,0)  -  0 
c(-l,0)  =  -1 


c(0,0)  =  0 


(7) 


cm = -1 


c(2,0)  =  0 


Fig.  4.  LTIS  characteristics 


The  Hankel  matrix  is  then  formed  by  taking  the  second, 
third  and  fourth  component  of  each  column  of  matrix  C 
and  arranging  them  in  a  rectangle,  as  below 
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2.  0  -1.  -1  -1.  Of 

0.  -1.  -1.  2.  0.  -1.  (8) 

The  vector  c  is  formed  by  taking  the  last  two 
components  of  each  column  of  C 

c  =  [-1  0  2-1  -10]r  (9) 

Having  done  CH  and  c  we  may  calculate  (3K  due  to  eq. 
(6a)  fiK  =-J30Ch]  c.  The  inversion  of  matrix  CH  is 
performed  in  an  adaptation  process  [3],  The  final  result 
is  as  follows:  p2=  0.375,  Pi=  0.625.  We  add  to  them  the 
coefficient  p0=  1 . 


Fig.  6.  A  binary  random  series 


Fig.  7.  The  recovered  series 


3. AN  EXPERIMENT 

The  signal  transformation  and  reconstruction 
procedures  are  illustrated  in  Fig.2,  3,  4,  5.  In  Fig.2  we 
see  the  input  signal  s:  1024  samples  of  Bemoulli-Gauss 
process  [3],  Fig.4  presents  a  magnitude  and  phase 
characteristics  of  transmission  channel  [4],  The  Nyquist 
frequency  is  10  MHz.  In  Fig.5  we  see  the  output 
distorted  signal  x.  Its  mean  value  is  very  small  as  a 
result  of  attenuation  phenomenon.  The  more  severe 
feature  is  however  its  weak  correlation  to  input  signal, 


what  is  an  effect  of  nonlinear  phase  influence  (Fig.4b). 
In  Fig.3  we  see  the  recovered  signal  y.  Its  correlation 
coefficient  (to  input  s)  is  greater  than  0.98.  There  is  also 
evident  a  small  Gaussian  noise  but  it  is  unavoidable 
result  of  signal  transmission  through  the  band  -pass 
filter.  The  other  parameters  of  the  experiment  are  as 
follows:  the  order  of  FIR  filter  K=  6,  the  vector  p=  [1 
1.15  0.75  0.31  0.21  0.20  0.12],  The  correlation 
coefficient  is  calculated  due  to  equation 

r=  mean(s*y)/(std(s)*std(y)).  (10) 

Up  to  now  we  do  not  use  evidently  the  adaptive 
procedures.  One  is,  however  used  within  the  matrix 
inversion  algorithm  CH' .  Moreover  a  simple  adaptation 

loop  is  also  applied  in  selecting  the  optimal  order  of  FIR 
filter  (KoP,  for  rmax). 


0  20  40  60  80  100 


Fig.  8.  An  additive  Gaussian  noise 


Fig.  9  A  replica  of  binary  series  at  the  output  of  filter 


4.FOUNDATIONS  OF  MOMENT  METHOD 

This  method  is  aimed  to  large  class  of  binary  signals. 
As  it  is  known,  the  odd  order  (central)  moments  of  the 
typical  binary  series  (equally  likely  distributions  of  ±1 
states)  is  equal  zero,  while  the  even  order  moments  are 
equal  1  .  If  we  transfer  such  a  binary  series  through  an 
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all-pass  filter,  then  its  second  moment  at  the  output  is 
also  equal  1,  because  H(z)  =1.  However,  the  forth  order 
moment  is  no  longer  1,  and  six  order  moment  is  much 
more  higher  than  1  (for  uniform  distribution  u(4)=1.8 
and  u(6)«3.85)).  Then  the  higher  order  moments  may 
be  used  as  a  good  criterion  function  in  adaptation 
process:  the  lower  the  value  of  moment,  the  smaller  the 
distance  to  the  optimum,  u(4)  *1.  We  will  choose  the  so- 
called  normalized  forth  order  moment  p(4)  =u(4)/u2(2) 
to  achieve  the  stable  magnitude  of  signal  during  the 
transformation  process  [5], 

The  general,  scheme  of  deconvolution  is  the  same  as 
previously  (Fig.l).  The  central  normalized  moment  is 
calculated  according  to  the  following  formulas 

w(0)  =  w  =4  £  !>(«)]  n- 1,2,3,...,  N 

u(2)  =  «]2  «(4) = i Z LK»)  -  “]4 

//(4)  =  w(4)/  u2(2)  (11) 

The  transformation  of  signal  x(k)  into  y(k)  is  done  by 
y(n)  ~  ^  J3(k)x(n  -  k)  k  =  \,2,..,K  (12) 

The  iterative  equation  is  as  follows 
&=/»_ <13) 
wher  M)m 

Vf<M)  =  W  /  A1  04) 

OM  /  Sj3k  » [4  /  V (2)£T[>'(„)  -  uf  [x(«  -  *)] 
-  [4//(4)  /  VOELK")  -  «] [x(n  -  k)\ 

m  -  is  an  iteration  number;  M-  the  overall  quantity  of 
iterations;  N-  the  quantity  of  signal  samples 

The  procedure  of  deconvolution  runs  as  follows. 

We  take  K  random  values  of  vector  P(k).  Then  we 
transform  the  distorted  signal  x(n)  in  y(n)  due  to  eq. 
(12).  On  the  basis  of  obtained  y(n)  series  the  normalized 
moment  p(4)  and  its  gradient  V  are  calculated  due  to  eq. 
(11)  and  (14),  resp.  Then  a  new  vector  P(k)  is  computed 
due  to  eq  (13).  By  M  repetition  of  this  procedure  it  is 
possible  to  achieve  nearly  a  full  agreement  between 
input  s  and  output  y=s'  series.  The  results  are  given  in 
Fig.  6,  7,  8  and  9. 

In  Fig.  6  we  see  the  input  signal  s,  in  Fig.9-  its 
distorted  counterpart  x  and  in  Fig.8-  the  noise  n.  The 
recovered  signal  s’  is  presented  in  Fig.7.  We  see  there  is 
a  full  consistency  between  s  and  s',  that  is  r=, 
mean(sign(s)*sign(s'))=l 

6. CONCLUSIONS 

Two  methods  of  reconstruction  of  phase  distorted 
and  noise  corrupted  digital  signals  have  been  proposed. 


The  first  cumulant  function  method  is  more  general  and 
brings  the  moderate  degrees  of  reconstruction  quality 
(correlation  coefficient  is  of  order  0.95).  The  second  - 
moment  function  method  is  aimed  especially  to  the  class 
of  binary  signals.  Here  the  degree  of  consistency  may 
reach  1  for  a  heavy  distorted  and  noise  corrupted  series. 
For  all-pass  filter  (H(z)=[-a+z'!]  /[1+az1],  a<l)  the 
noise  level  may  reach  more  than  40%  of  the  signal  level 
(7  dB)  and  thousands  of  bits  may  be  processed  in  a 
fraction  of  minute  without  any  error.  For  physical  filters 
(low-pass,  3  dB)  the  results  are  yet  better.  The  only 
weak  point  of  the  method  is  a  phase  ambiguity  (starting 
series  po(k)).  This  will  be  analyzed  elsewhere  [6], 
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This  paper  provides  an  analysis  of  the  risk  of 
interference  resulting  from  aircraft  exposure  to  the  main 
beam  of  a  Satellite  Earth  Station  (SES)  of  various 
types.  Presented  analysis  aimed  at  determining:  the 
path  of  the  aircraft  in  the  wanted  radiation  area, 
distance  between  the  SES  and  the  point  at  which  the 
main  beam  of  the  antenna  and  the  path  of  approach  of 
the  aircraft  intersect,  duration  of  aircraft  travel  through 
the  wanted  radiation  area  and  levels  of  electromagnetic 
exposure  experienced  by  an  aircraft  during  landing 
approach. 

1.  INTRODUCTION 

With  the  ever  increasing  use  of  very  small  aperture 
terminals  (VSAT)  and  satellite  news  gathering 
transportable  earth  stations  (SNG  TES)  -  to  say  nothing 
of  the  general  tendency  to  unify  and  simplify  relevant 
licenses  procedures  -  there  is  an  urgent  need  to  define 
the  potential  threats  to  aircraft  passing  through  the 
main  beams  of  such  stations. 

This  paper  provides  a  detailed  analysis  of  the 
threats  resulting  from  aircraft  exposure  to  the  main 
beam  of  a  Satellite  Earth  Station  (SES).  Since  some  of 
the  cases  considered  in  our  study  pertained  to  the 
near-field  zone  of  the  antenna,  we  made  use  of  the 
near-field  radiation  model  described  in  [1],  The 
following  SESs  has  been  analysed: 

•  VSAT  -  typical  terminal  working  in  Skystar  Plus 
system  (GTE  Spacenet  Corp.), 

•  SNG  -  typical  vehicle  mounted  SNG  TES  type  VMA 
-  2.6/73/25  (Dornier  GmbH), 

•  Hub  VSAT  -  hub  station  of  Skystar  Plus  system, 

•  fixed  TV  -  large  SES  used  for  transmission  of 
television  signals  by  Polish  TV. 

Major  parameters  of  these  SESs  are  listed  in  Table  1. 
Their  analysis  aimed  at  determining  the  levels  and 
duration  of  electromagnetic  exposure  experienced  by 
an  aircraft  during  landing  approach. 

2.  AIRCRAFT  EXPOSURE  TO  THE  MAIN  BEAM 
To  determine  how  long  the  aircraft  is  exposed  to  the 
main  beam  radiation  of  the  SES  antenna  during 
landing,  it  is  necessary  to  establish  the  beam  width 
(angle  2y  in  Fig.  2.2)  and  to  know  the  path  of  approach 
when  use  of  the  instrument  landing  system  (ILS)  is 
made.  For  a  given  station  type  it  is  possible  to  define 
precisely  the  width  of  the  area  in  which  the  field 
strength  exceeds  the  set  value  [1], 


T able  1 .  Basic  parameters  of  the  SESs 


VSAT 

SNG 

Hub 

VSAT 

Fixed 

TV 

Power 

P  [W] 

5 

490 

125 

700 

Aperture 

D  [m] 

1,8 

2,6 

5,6 

9,0 

Frequency 
f  [MHz] 

14,125 

14,125 

14,125 

14,125 

D IX  ratio 

85 

122 

264 

424 

Beam  width  can  also  be  defined  in  terms  of  the 
relations  p =2, 44 A/D  which  describes  the  zero  places  of 
the  radiation  pattern  for  an  antenna  with  a  uniform  field 
distribution  in  the  aperture.  But  taking  into  account  the 
need  of  analysing  the  least  advantageous  variant 
independently  of  the  station  parameters,  we  can 
determine  the  width  of  the  wanted  radiation  area,  using 
relevant  international  standards.  The  ITU-R  465-3 
Recommendation  for  the  radiation  pattern  of  the  SES 
antenna  outside  the  main  beam  limits  on  the  pattern 
envelope  from  the  1°  angle  to  the  beam  axis.  Thus,  a 
2°-wide  area  which  has  not  been  included  in  the 
recommendation,  is  conventionally  adopted  as  the 
main  beam  area.  The  ITU=R  580-2  extends  this  angle 
to  low-gain  antennas.  The  area  outside  the  main  beam 
for  antennas  of  a  D/A  ratio  varying  between  35  and  100 
begins  with  the  angle  of  100/(D/A)°.  According  to  the 
definitions  of  the  ETS  300  159  ETSI  standard  for  VSAT 
terminals  and  the  ETS  300  327  standard  for  SNG  TES, 
the  area  of  wanted  radiation  has  a  width  of  5°  (2.5° 
from  the  axis  of  the  main  beam).  As  shown  by  these 
data,  it  is  difficult  to  select  one  out  of  the  recommended 
values  which  would  best  describe  the  main  beam  width. 
Such  a  choice  is  a  compromise  between  the  adoption 
of  the  highest  possible  number  of  potential  cases  that 
might  occur  and  the  best  possible  description  of  the 
real  situation.  From  the  considerations  presented 
earlier  it  follows  that,  irrespective  of  the  recommended 
value  we  have  chosen,  the  beam,  in  fact,  is  always 
much  narrower. 

A  SES  produces  particular  threat  to  a  landing 
aircraft  which  make  use  of  the  electronic  landing 
system  (ILS).  Any  interference  that  might  affect  the 
variety  of  measuring  and  receiving  devices  involved 
can  lead  to  a  catastrophe.  For  this  reason,  our  analysis 
concentrates  on  this  part  of  the  flight. 
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Figure  2.1  shows  a  typical  path  of  approach  when 
the  ILS  is  used.  For  the  needs  of  analysis  we  adopted 
the  most  common  elevation  angle  of  the  path  of 
approach  in  the  ILS,  which  amounts  to  <|)=3°. 
Irrespective  of  its  type,  the  aircraft  becomes  exposed  to 
the  beam  of  the  ILS  at  the  distance  from  18  to  13  km 
(10  to  7  nm).  At  the  height  hcr= 300  m  (1000  ft)  the  pilot 
has  to  decide  whether  he  is  landing  or  pulling  off  the 
machine.  Once  the  decision  has  been  made,  the  pilot 
cannot  change  it.  And  that  is  why  this  altitude  is 
regarded  as  the  most  neuralgic  point  of  the  landing 
operation  -  misinformation  coming  from  the  deck  part  of 
the  ILS  may  fead  to  a  catastrophe.  The  height  of  300  m 
has  been  taken  to  analyse  the  potentiality  for  a  SES- 
induced  interference  to  the  ILS.  For  simplification, 
analysed  is  the  location  of  the  station  on  the  extension 
of  the  airstrip,  as  shown  in  Fig.  2.2. 


Final  section  of  I 

approach  Point  of  [ouch-down 


Fig.  2.1  Path  of  approach  in  the  ILS. 
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Satellite  station  <||  Point  of  touch-down 

<br 

d  ~ 

Fig.  2.2  Duration  of  exposure  to  the  radiation  in  the 
main  beam. 


For  the  given  value  of  hcr  from  the  ABP  triangle,  the 
distance  dc,  and  d-dcr  can  be  calculated  as  follows: 

d.  =  (2.1) 


d-d...  = 


‘g{s-y) 

Kr 

tg{<t>) 


(2.2) 


The  distance  between  the  SES  and  the  touch-down 
point  is  defined  by 


d  -  d .+ 


h 


h. 


lg{<f>)  tg(s  -  r)  lg(<f) 


(2.3) 


To  calculate  the  length  of  the  path  of  approach 
getting  into  the  area  of  wanted  radiation  it  is  necessary 
to  consider  two  triangles  which  have  a  common  side, 
ABP  and  ABP'.  Thus  the  difference  between  the  length 
of  the  side  BP'  and  the  length  of  the  side  BP  describes 
the  length  /  of  the  path  which  was  to  be  found: 

/  =  BP' -BP  (2.4) 

The  length  of  BP’  and  BP  can  be  calculated  by 
virtue  of  the  law  of  sines: 


Hence 

l  =  d( 


BP'  = - 

ds\n{e  +  y) 

(2.5) 

sin( 

i 

i 

i 

o 

o 

CO 

BP^ - 

d sin(^  -  y) 

(2.6) 

sinl 

(l  80 °-</>  -  s  +  y) 

sin(£-  +  /) 

sin(f-r) 

1  (2.7) 

sin(l  80°— —  s-y)  sin(l  80°-^  - 1:  +  y) 


To  determine  the  radiation  level  at  the  intersection 
point  of  the  path  of  approach  and  the  main-beam  axis 
of  the  antenna  we  have  to  calculate  the  distance  of  the 
intersection  point  from  the  satellite  station  AO.  After 
that,  according  to  the  type  of  the  station,  we  have  to 
read  and  take  appropriate  values  from  the  earlier 
established  plots  of  energy  flux  or  field  strength  vs. 
distance  curves. 

The  length  of  the  side  AO  in  the  AOB  triangle  can 
be  calculated  in  terms  of  the  law  of  sines: 


AO-  dsm^) 

sin(l  8O°-0-  s) 


(2.8) 


The  time  of  aircraft  travel  through  the  area  of 
wanted  radiation  during  landing  approach  is 

/ 

t  =  -  (2.9) 

V 

where  v  denotes  aircraft  speed  during  approach.  For 
the  purpose  of  analysis  we  assumed  that  v-77  m/s 
(150  knots).  We  calculated  two  widths  of  the  wanted 
radiation  area  for  varying  values  of  the  antenna 
elevation  angles  e.  The  results  are  plotted  in  Figs.  2.3, 
2.4  and  2.5. 


Fig.  2.3  Path  of  the  aircraft  in  the  wanted  radiation 
area  at  beamwidth  2y  of  2°  and  5°. 


The  calculated  results  show  that  the  aircraft  takes 
about  0.5  to  about  5  s  and  about  1.25  to  15  s  to  travel 
through  the  wanted  radiation  area  of  2°  width  and  5° 
width,  respectively. 

An  exact  determination  of  the  time  during  which  the 
aircraft  travels  through  the  main  beam  of  the  antenna 
requires  consideration  of  the  electrical  parameters  of 
the  antenna  (radiation  pattern)  which  vary  from  one 
station  type  to  another. 

To  achieve  a  better  approximation  it  can  be 
anticipated  that  the  main  beam  is  limited  by  the  zero 
places  of  the  radiation  pattern.  The  width  (5  of  the  beam 
defined  via  this  route  for  an  antenna  with  a  uniform  field 
distribution  in  the  aperture  is  described  by  the  relation 
of  p =2, 44 A/D  (radians).  Calculations  were  carried  out 
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for  a  station  characterised  by  the  parameters  of  table  1. 
The  results  are  plotted  in  Fig.  2.6. 


the  main  beam  of  the  antenna  and  the  path  of 
approach  of  the  aircraft  intersect. 


Fig.  2.5  Duration  of  aircraft  travel  through  the  wanted 
radiation  area  of  the  SES  versus  elevation  angle  of  the 
antenna  s  ( for  two  widths  of  wanted  radiation  area,  2° 
and  5°). 


Fig.  2.6  Duration  of  aircraft  travel  through  the  main 
beam  of  the  SES  antenna. 


3.  ELECTROMAGNETIC  FIELD  IN  THE  MAIN  BEAM 
OF  THE  ANTENNA 

The  member  countries  of  the  European  Community 
direct  their  efforts  towards  a  widespread  application  of 
VSAT  and  SNG  systems  by  liberalising  their  licence 
policies.  Operators  providing  such  services  have  been 
authorised  to  install  VSATs  and  SNGs  wherever 
necessary  or  possible.  Advertisements  claim  that  such 


systems  can  work  at  the  user’s  or  that  they  can  provide 
communication  from  an  arbitrary  point  in  Europe  (which 
is  of  importance  in  the  case  of  SNG).  Hence,  it  cannot 
be  excluded  that  stations  of  that  kind  will  be  located  at 
a  point  where  the  antenna  „illuminates”  the  path  of 
approach  immediately  before  reaching  the  critical 
height  at  which  the  pilot  has  to  decide  whether  to  land 
or  to  make  a  re-approach.  For  this  phase  of  landing 
approach,  the  variations  in  the  amplitude  of  the 
electromagnetic  field  strength  (to  which  the  aircraft  is 
exposed)  will  be  determined. 

Taking  into  account  the  difference  in  field  strength 
determination  between  the  near  zone  and  the  far  zone 
of  the  antenna  radiation,  the  calculations  will  involve 
models  for  both  the  zones.  If  we  use  the  far  zone 
model,  initial  dissipation  of  energy  in  the  antenna 
aperture  becomes  negligible.  But  if  use  is  made  of  the 
near  zone  model,  the  physical  dimensions  of  the 
antenna  aperture  must  be  considered. 


3.1.  Analysis  of  field  strength  distribution  in  the  far 
zone 

Figure  3.1  shows  the  geometry  of  thd  configuration 
which  is  used  for  analysing  the  field  strength  amplitude 
in  the  final  section  of  the  landing  approach  located  in 
the  far-zone  of  the  SES  antenna. 


Fig.  3.1  Geometry  of  the  configuration  in  the  far  zone 
(the  antenna  being  a  point  source). 


For  the  purpose  of  analysis  it  has  been  anticipated 
that  the  aircraft  enters  the  area  of  the  main  beam 
determined  by  its  upper  edge  (the  station  is  a  point 
source)  at  point  P’,  time  t=to=0,  and  distance  x(t0)  from 
the  SES. 


Energy  flux  density  in  the  far  zone  can  be 
expressed  as: 


S('), 


4  m2(t) 


(3.1) 


where  x(t)  denote  the  distance  to  the  point  under 
analysis,  and 


0,(>)  =  G,FL(‘)  (32) 

where  Gt  is  antenna  gain  determined  by  virtue  of 
q  _  j  •  ancl  the  standardised  radiation  pattern  can 


be  calculated  in  terms  of  the  following  relation: 

1 -A  (“('))! 


*U')  =  2 


u(t) 


Function  u(t)  takes  the  form  of 
u(t)  -  ~-s\n{Sa{t^ 


(3.3) 


(3.4) 


323 


The  distance  x(t)  between  the  aircraft  and  the 
station  varies  with  time  and  can  be  determined  at  an 
arbitrary  point  of  time  t: 

x(/)  =  ^ jd 2  +  (/>  -  v  ■  /)  -  2d(b  -  vt)  cos(^)  (3.5) 


The  off-axis  angle  8a(t)  can  be  defined  in  terms  of 
the  following  conditions: 


if  a(t)<[M2 
if  a(t)>  (3/2 


then 

then 


8a(t)=fil2-a(t), 

Sa(t)=-a(t)-p/2. 


where: 


«(')  = 


arcs  in 


P 


vt- 


sin|  K-£-  —  -d> 
2 


'(0 


(3.6) 


The  relationship  between  field  strength  in  the  far 
zone  and  energy  flux  density  is  defined  as 
E  =  J\20-ii-S. 


x'(r)  =  x(r)cos((5a(/))  (3.10) 

r(r)  =  x(f)sin(&r(r))  (3.11) 

where: 

off-axis  angle  5a(t)  of  the  aircraft  position  at  time  t  is 
defined  by  the  following  conditions: 

if  a(t)<aQ-e  then  8a(t)=a0-t:-a(t), 

if  a(t)>a0-e  then  8a( t)=-a(tj-a0 +/;, 

where: 


(3.13) 


x(/0)  =  jAAl2+a2  - 2/M'crcos  (^.14) 


3.2.  Analysis  of  field  strength  distribution  in  the  near 
zone 

Figure  3.2  presents  the  geometry  of  the 
configuration  which  is  used  for  analysing  the  field 
strength  amplitude  in  the  final  section  of  the  landing 
approach  located  in  the  near  zone  of  the  SES  antenna. 
The  condition  that  the  lower  edge  of  the  beam  should 
pass  through  the  critical  point  P  must  be  fulfilled. 


Satellite 


O’ 


*<<n)  x'(l> 


<1(0 


Sa(0 


»(() 


r(0 

\X  p 

b 

h  Path  of  approach  in  ILS 


B 


C’  Point  of  touch-down 


Fig.  3.2  Geometry  of  the  configuration  in  the  near 
zone  (  antenna  of  an  aperture  diameter  D). 


The  maximum  energy  flux  density  Smax  in  the  cross- 
section  situated  at  distance  x’(t)  from  the  antenna  is 
defined  by  the  relation  [1] 


12 


P, 


*  D„„(xY  +  D,(x)DJx)+  D,(x) 


(3.7) 


The  energy  flux  density  S(r)  at  a  distance 
main  beam  can  be  calculated  as  follows  [2]: 
S(*„,r)  =  Sm,lx(x0)  for  r<Def/2 

S(x  r)  =  2 - -S"^X°)  f -  r] 

v  ’  ^o0(xo)-ncr(x0)l  2 


for  Def/2<r<D00/2 


after  having  determined  the  values  of  D00(x'(t))  and 
DeffxW  [1]. 

When  use  is  made  of  the  field  strength  distribution 
model  for  the  near  zone,  it  is  necessary  to  know  the 
distance  x'(t)  (AO’)  from  the  antenna  to  the  cross- 
section  in  which  the  analysed  point  is  found,  as  well  as 
the  distance  r(t)  (O’X)  from  this  point  to  the  beam  axis. 
These  values  can  be  obtained  by  virtue  of 


4.  RESULTS  OF  SIMULATION 

Making  use  of  the  models  described  in  an  earlier 
paper  [1],  calculations  were  carried  out  for  SESs 
characterised  by  the  parameters  listed  in  Table  1.  Two 
elevation  angles  e  were  adopted,  30°  and  10°.  These 
are,  respectively,  the  approximately  maximum  and  the 
approximately  minimum  elevation  angles  for  the  SESs 
located  throughout  Poland  and  co-operating  with 
geostationary  satellites  [3],  Figures  4.1a  to  4.3a  show 
the  calculated  results  obtained  with  the  30°  elevation 
angle  values.  Figures  4.1b  to  4.3b  provide  the  distance 
between  the  antenna  and  the  points  under  analysis. 
Included  are  also  the  distances  to  the  far  zone.  The 
speed  with  which  the  aircraft  travels  during  landing 
approach  was  assumed  to  be  77  m/s  (about  280  km/h) 
in  every  instance. 

SNG  TES  differ  from  one  another  in  their  electrical 
parameters.  Hence,  there  might  be  doubt  whether  or 
not  the  parameters  of  the  Dornier  station  (which  is  the 
subject  of  analysis)  can  be  regarded  as  typical.  A 
Dornier  station  is  installed  on  a  Mercedes  chassis  and 
serves  for  the  transmission  of  TV  signals.  Stations  of 
„fly-away”  type  are  also  made  use  of  in  SNG  but  their 
design  makes  them  suitable  for  air  transport.  Another 
type  of  SNG  serves  for  voice  transmission  alone.  Such 
stations  involve  comparatively  small  antennas  (e  g. 
umbrella-like  in  shape)  and  produce  low-energy 
radiation.  Their  electrical  parameters  are  similar  to 
those  of  the  VSATs.  And  that  is  why  the  result  obtained 
for  the  SNG  station  under  analysis  are  not  valid  for 
every  type  of  stations  belonging  to  that  category. 

As  far  as  the  SNG  TES  is  concerned,  the  points  of 
interest  were  located  in  the  near  zone  at  the  elevation 
angle  of  30°.  The  maximum  value  of  the  electric  field 
strength  is  42  V/m,  whereas  the  duration  of  aircraft 
exposure  to  the  main  beam  is  0.35  s. 

When  analysing  the  radiation  levels  produced  by 
the  hub  station  of  the  VSAT  system,  we  made  use  of 
the  parameters  of  the  station  which  had  been  installed 
at  TS  S.A.  Bielsko-Biala,  Poland.  The  station  is 
classified  as  a  large  one.  In  engineering,  hub  stations 
of  a  VSAT  system  are  smaller,  both  in  antenna  size 
and  in  radiated  energy.  In  that  particular  case  it  is  also 
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inadvisable  to  regard  the  adopted  parameters  as  being 
typical. 


Fig.  4.1  a)  Amplitude  of  electromagnetic  field  strength 
during  aircraft  travel  through  the  main  beam  -  a  typical 
SNG  TES  (£=30°),  b)  distance  x(t)  to  the  analysed 
points  and  distance  Dfz  to  the  far  zone. 

The  hub  station  of  the  VSAT  system  analysed  in 
this  study  had  the  points  of  interest  in  the  near  zone. 
The  maximum  value  of  the  electric  field  strength  is  25 
V/m,  whereas  the  time  of  aircraft  exposure  to  the  main 
beam  is  0.26  s. 


Fig.  4.2  a)  Amplitude  of  electromagnetic  field  strength 
during  aircraft  travel  through  the  main  beam  -  a  VSAT 
hub  station  (e=30°),  b)  distance  x(t)  to  the  analysed 
points  and  distance  to  the  far  zone. 

To  determine  the  level  of  radiation  produced  by  a 
fixed  satellite  station  which  serves  for  the  transmission 
of  TV  signals  we  adopted  the  parameters  of  the  station 
located  at  J.P.  Woronicza  Street,  Warsaw,  Poland. 

The  points  under  analysis  were  situated  in  the  near 
zone.  The  maximum  value  of  the  electric  field  strength 
is  50  V/m,  whereas  the  duration  of  aircraft  exposure  to 
the  main  beam  is  0.3  s. 


Fig.  4.3  a)  Amplitude  of  electromagnetic  field  strength 
during  aircraft  travel  through  the  main  beam  -  a  typical 
fixed  TV  satellite  station  (£=30°),  b)  distance  x(t)  to  the 
analysed  points  and  distance  to  the  far  zone. 


Compared  to  the  vulnerability  levels  of  the 
electronic  equipment  on  board,  the  values  of  the 
maximum  field  strength  obtained  for  all  three  examples 
were  of  the  same  order.  This  is  an  indication  of  a 
serious  threat  of  such  satellite  stations  to  air  traffic. 
This  finding  has  been  taken  seriously  by  some 
European  countries,  and  adequate  authorising 
procedures  for  transmitting  station  operators  have  been 
implemented  [9],  Problem  of  the  VSAT  terminals  has 
been  discussed  in  {5]. 


[1] 


[2] 


[3] 


[4] 
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The  approach  to  the  calculation  of  shielding  factor 
in  the  near  field  is  considered.  The  process  of  diffuse 
interaction  of  electromagnetic  fields  with  the  metallic 
materials  of  the  shields  is  the  basic  here.  The  streams 
of  electrons  are  involved  by  the  shielding  fields  into  the 
semichaotic  movements,  that  forms  weakly  chanalized 
eddy  currents,  providing  shielding  effect.  The 
numerical  methodics  to  calculate  shielding  factor  are 
developed. 

1.  INTRODUCTION 

Dimensions  of  components  and  equipment  devices 
allow  to  estimate  the  processes  within  equipment  on  the 
frequencies  from  hundreds  kHz  up  to  tens  GHz  having 
reactive  nature.  Therefore  near  field  processes  should 
be  considered. 

«Wave»  analytical  methods  in  quasistatic  and 
electrodynamic  shielding  modes  (electgromagnenic 
shielding)  become  semianalytical  or  approximate  ones, 
their  results  being  badly  conformed  with  experimental 
data  (overestimated  values  of  shielding  factor  or  very 
small  thickness  of  shield,  etc.). 

To  increase  shielding  efficiency  the  methods  of 
numerical  fields  simulation  were  developed  The 
numerical  models  of  processes  are  adapted  to  approach  for 
program  models  and  computer-aided  simulation.  These 
models  allow  to  investigate  the  processes  into  the  depth  of 
shields  material.  The  accuracy  of  simulation  can  be 
increased  by  means  of  increasing  level  of  discretization 
which  is  limited  by  the  computer’s  RAM  [1,2], 

2.  THEORETICAL  PART 

Let  us  consider  simulation  of  shielding  process  for 
the  most  typical  conditions,  when  closed  shields,  made 
of  nonmagnetic  metallic  material,  and  components, 
being  shielded  (  HF  coils)  are  coaxial  situated.  The 
axial  symmetric  system  in  two  dimensions  is 
considered. 

Let  us  separate  in  the  shield  section  the  circular 
line  via  points  with  axial  coordinates  (R,  cp,  z),  via 
which  a  circular  line  of  current  runs  along,  having 
length  lq  and  radius  Rq  with  the  center  on  the  axis  z 
(figl). 


Fig  1.  The  sections  of  the  system  -  HF-coil  within 
the  shield  (a)  and  side  view  (b): 

I  -  near  boundary  of  the  shield,  II  -  shield.  III  - 
distant  boundary  of  the  shield,  IV  -  coil  being  shielded, 
n  -  number  of  layers  for  shield  model,  q,  p  -  discrete 
elements  of  the  shield  model,  S5,  Sc  -  cross  sections  of 
shield  and  coil,  accordingly,  Ri  s  -  inner  radius  of  the 
shield,  Rms  -  outer  radius  of  the  shield. 

For  complex  value  of  the  density  of  current  J  in  the 
point  q  it  is  possible  to  write: 

Pq  *  J  =  Eq,  (1) 

where  Eq  -  electric  intensity  along  the  line  lq,  pq  - 
specific  resistance  of  shield  material  in  the  point  q. 

Let  us  separate  circular  elements  p  in  the  shield 
and  t  in  the  coil  with  small  sections  accordingly.  Then 
for  the  ring  lq  of  the  shield  in  accordance  with  the 
Kirchhoffs  law  it  is  possible  to  write  an  equation: 

271  Rq  Eq  =  -jco  (MqpJpASp  +  Mqt  JqASt),  (2) 

where  Mqp,  Mqt  -  factors  of  mutual  inductance  of  rings 
lq,  lp,  It;  Rq-  rings  radius;  ASP,  ASt  -  elementary  sections 
of  shield  and  coil. 

Substituting  (1)  to  (2)  and  integrating  along 
sections  of  shield  S,  and  coil  Sc,  we  obtain  integral 
Fredholm’s  equation  of  the  second  kind  relative  to 
unknown  density  of  eddy  current 

27lRq  Pq  Jq+jffl  \  Mqp  Jp  d  Sp  =  'j®  j  Mqt  Jt  d  St  •  Q) 

S,  & 

If  configuration  of  both  coil  and  shield  and  current 
density  are  known  Jt=Icw/Sc  (Ic  -  complex  quantity  of 
the  current  in  each  turn;  w  -  coil  turns),  then  kernel  of 
integral  equation  (3)  Mqp  and  free  term 
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fq  =  -jra  jMq.J.dS,  (4) 

are  known  functions.  Then  substituting  (4)  into  (3),  we 
obtain: 


2ttRqPq  Jq+j©  jMqpJpdSp  =  fq.  (5) 

5, 

So  far  as  there  are  reflected  impedance  from  shield 
to  coil,  then  current  density  distribution  along  the 
section  of  the  coil  is  unknown.  Then,  distributing 
discrete  points  p  and  q  to  the  coil,  transform  (3)  to  the 
equation 

2xRq  pq  Jq  +  jcO  iMqpJpdSp  =  £q,  (6) 

S,+Sc 

where  Sq  -  circular  EMF  for  the  ring  lq.  Value  of  8q  is 
equal  to  zero  for  all  rings  within  shield,  and  in  the  coil 


1  = 


Ipl  Iql  Ini  Ifl 

[_Ipk  Iqk  Ink  Ift 


,  e  =  0,  8q 


z 


rpi  j©(MV.MVM%...M%A 


ffk  jofhfki...  MPkcMf\i...  M^kk) 


rn  jco(Mfi2. . .  Mf,k  .  M61,*) 

r*  jcoCM^,  Mkc M^k: •  •  •  MVl\, . . .  M^) 


Taking  into  consideration  correlation  between 
densities  of  currents,  currents  and  field  intensities  in 
circular  elements,  shielding  factor  is  determined: 


Sq  =  8hf/w,  where  Sht  -  feeding  HF  EMF  of  the  coil 
being  shielded. 

When  integral  equations  (3),  (6)  are  being  solved, 
it’s  necessary  to  calculate  mutual  inductance  factors 
Mqp  for  coaxial  rings.  There  are  detailed  tables  and 
formulas  for  the  circular  rings  of  cylindrical  shields  [3], 

The  method  of  numerical  solution  for  integral 
equation  (6)  is  a  replacement  the  integral  by  the  sum  as 
a  result  of  discretization  the  area  Ss  by  squares  ASq,  in 
which  the  condition  Jq  =  const  takes  place.  It  gives  the 
system  of  algebraic  equations: 

tqlq+jffl  Z  Mqp  Ip  =  Sq,  (7) 

s 

where  rq  =  27tpqRq/ASq  -  active  resistance  of  ring  lq;  Iq, 
Ip  -  currents  in  the  rings  lq  and  lp  accordingly. 

Taking  into  consideration  an  axial-symmetrical 
type  of  the  shielding  problem  on  RF,  it  is  possible  to 
perform  discretization  of  the  sections  S3,  Sc  by  the 
squares  ASq,  localized  by  definite  geometrical  places  as 
concentric  cylindrical  surfaces  (strait  lines  in  section), 
satisfying  equations  Rq  =  const,  zX)  (fig.  1).  It  gives 
possibility  to  result  the  task  of  field  simulation  to  one¬ 
dimensional  variant  of  summarizing  by  linear  element  of 
sections  Ss,  Sc 

rqIq  +  jco  ZMqpIp  =  8q;  le  S„,  Sc  (8) 


Bq  —  Eqi/Eqin  —  Jqi/Jqin  —  Iql/IqHI,  (10) 

where  Eq,  J^,  Iqi,  Eqm,  Jqm,  Iqm  -  fields  intensities, 
densities  of  eddy  currents,  eddy  currents  in  circular 
elements  accordingly,  which  are  situated  symmetrically 
on  inner  and  outer  surfaces  of  shield. 


Substituting  (6)  into  (10),  it  is  possible  to  obtain 
integral  form  expression  for  shielding  factor 


(  8q  7®  1 4/ q]p  J p  dS p  )Rq]I] 

B  =— - rls±Sc - - ,  (11) 

(Eq  7®  \MqUIpJpdSp)RqI 
Ss  Sc 

where  Rqm  and  Rqi  -  inner  and  outer  radius  of 
cylindrical  shield. 

Taking  into  account  axial  symmetry  of  the  systems 
task  conditions,  it  is  possible  to  obtain  numerical  model 
of  shielding  factor  as  expression 


B, 


(Eq  J<a'^,Mqlpl  p)rqifl 

,  h 

q  (  £q  -  7®  Z Mqlllpl p)r qI  ’ 

la i 


(12) 


where  rqi,  rqn  -  active  resistance’s  of  inner  and  outer 
circular  element,  lj,  lra  -  inner  and  outer  perimeter  lines 
of  the  shield  section  Ss. 

Numerical  model  (12)  may  be  represented  in  form, 
suitable  for  computer  calculation. 


and  to  obtain  a  set  of  algebraic  equation  of  lower  order 
in  matrix  form: 

I*Z  =  8,  (9) 

were: 


3.  METHODICS  OF  COMPUTER  SIMULATION 

Model  of  the  coil  is  formed  as  a  system  of  linear 
equations  (9),  where  Z  =  [z,j]  -  square  matrix  of 
circular  impedance’s  of  the  coil  and  shield; 

£  ~  [Si,  £2,  ...l1  -  vector  of  circular  EMFs,  which  is 
equal  to  zero  for  shield  rings  and  nonzero  for  coil 
rings;  I  =  [h,  I2, ...]'  -  vector  of  the  currents  in  the  rings 
of  coil  and  shield,  to  be  found. 
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Matrix  Z  contains  the  coefficients  of  the  equations 
set  in  the  form: 

k 

(rq+jcoLq)Iq  +  £  (rp+jcoMqpMp  =  Sq,  (13) 

p=l,p*q 

where  rq  -  resistance  of  the  q-th  ring:  Iq,  Ip  -  the 

currents  of  q-th  and  p-th  ring  accordingly;  8q-  rings 
EMF  ;  k  ;  -  total  number  of  rings  (points  of 
discretization)  of  the  shield  and  coil. 

Self-inductance  of  the  circular  ring  with 
rectangular  section  is  determined: 

L=poR{ln[8R/(a+b)]-0.5},  (14) 

where  po  -  magnetic  constant;  R  -  mean  radius  of  the 
ring;  a,  b  -  thickness  and  width  of  the  ring. 

Mutual  inductance  of  near  situated  coaxial  circular 
outlines  of  the  same  radius  is  determined  by  expression: 

M=HoR[(1+3S2/4-15S4/64+35£6/256+  . . .  )ln(4/q)-2- 

f/4+3 l£7 128-274^/1 536+. . .  ],  (15) 

where  §=x/2R«l,  x  -  distance  between  mean  lines. 

Mutual  inductance  of  far  situated  outlines  of  the 
same  radius: 

M  =  ^7tRy3(l-3y2/4+75y4/128- 
245y6/5 12+66 1 5y8/ 1 63  86- . . . )/ 1 6,  (16) 

where  y  =  2R/x  =  1 !%. 

Mutual  inductance  of  coaxial  circular  outlines  with 
nonequal  radiuses: 

M=Mo7t(2-R1  -R2),/2q3/4{  l+q2/4+2q4/64+ . . .  + 
+Anq2n+. .  ,+q/2+3q3/16+...+ 

+(2n+ 1 )  A„q2n+’  /[2(n+ 1 )] }/( 1  +q) 1 12 ,  (17) 

where  q=[(b11/2-b2,/2)/(b11/2+b2,/2)]2;  A„={(1.3.5...[2n- 
l)]/(24.6.,,2n)}2. 

Mutual  inductance  of  circular  rings  with  angle  (0) 
between  planes  of  rings: 

M=(7t^)|aoSR2{P1(cose)+[382P3(cos0)]/8+ 
+[15S4P5(cos0)]/64+[17586P7(cos0)]/lO24+. . .+ 
+[(2n!)2(2n+l)52nP2^1(cos0)]/[24n(n!)4(n+l)]+...},(18) 
where  Rb  R2  -  large  and  small  ring  radiuses;  8  = 
R2/R!<1;  Pi(cos0),  P2(cos0),  ...  - Legandre  polynoms. 

At  0  =  0  Pi(cos0)  a  1  (i  =  1,  2,  3,  ...)0,  then 
expression  (18)  transforms  to: 

M=(7t/2)HoSR2[l+382/8+1554/64+17586/1024+...+ 
+(2n !  )2(2n+ 1  )82n/  (24n(n!  )4(n+ 1 )+. , .  ] .  (19) 

Algorithm  diagram  of  coil  with  the  shield 
modeling  is  presented  in  fig.  2. 

Block  1:  input  of  frequency,  dimensions  and 
parameters  of  the  coil  with  shield: 

Roc,  Ro,  -  initial  dimensions  of  the  coil  and  shield 
accordingly; 


Nic,  N],  -  number  of  layers  of  the  coil  and  shield; 

Nre,  N„  -  number  of  rings  in  a  layer  of  coil  and  shield; 
Hrc,  Hj,  -  height  of  the  rings  of  coil  and  shield; 

Drc,  Dra  -  width  of  the  rings  of  coil  and  shield. 

Block  2:  the  model  of  the  coil  as  extended  matrix 
of  impedance’s  Z  (9);  calculation  of  mutual 
inductance’s  (15...  19). 

Block  3:  solution  of  the  system  of  linear  algebraic 
equation  by  the  method  of  Hauss  elimination. 

Block  4:  the  investigations  results  -  values  of 
currents  in  coil’s  and  shield’s  rings  as  well  as  shielding 
factor  dependence’s  from  the  number  of  rings  in  a  layer 
of  coil  and  shield. 


Fig.  2.  Generalized  algorithm  diagram  of  the 
methodics. 

4.  RESULTS  &  CONCLUSION 

Experiments  were  carried  out  on  breadboard 
models  in  quasistatic  and  electrodynamics  modes  at 
frequencies  from  tens  kHz  up  to  some  hundreds  MHz. 

An  example  of  application  of  the  proposed 
methodics  is  illustrated  in  fig.  3:  the  variation  of 
shielding  factor  B  from  the  number  N„  of  the  shield 
layer,  which  is  measured  from  the  center  of  a  system: 
shield  -  HF-coil.  As  the  shield  the  cylinder  of 
aluminium  alloy  with  height  about  20  mm  and 
thickness  1  mm  was  used;  HF  -  coil  parameters: 
diameter  and  height  -  10  mm.  The  calculations  were 
performed  within  frequency  range  30  kHz  -  3  GHz. 

Experimental  investigations  of  the  coil  without 
ferrite  core,  with  single  -  layer  and  multiplex  -  layer 
windings  at  frequency  465  kHz  give  the  results, 
corresponding  to  simulation. 

With  the  methodics  described  it  is  possible  to 
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calculate  the  shields  reactions,  Q  changing,  resistance’s 
and  reactance’s  of  the  circuits  with  great  accuracy. 

The  method  advantage  consists  in  possibility  to 
define  shielding  factors  of  inhomogeneous  materials, 
taking  into  account  gaps  and  holes.  The  accuracy  of 
such  calculation  is  much  more  then  with  the  traditional 
methods. 


Fig. 3.  Dependence  of  shielding  factor  B  from  number 
of  rings  Nn  in  shield  layer  by  axis  z. 
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ABSTRACT 

A  new  subgridding  approach  based  on  mesh 
nesting  is  presented.  This  scheme  is  numerically  stable, 
accurate,  easy  to  implement  and  allows  high  reduction 
factor.  The  stability  and  accuracy  of  the  approach  are 
illustrated  by  analyzing  the  scattered  near  field  from  a 
conducting  sphere  and  the  field  near  a  radiating  dipole. 

1.  INTRODUCTION 


due  to  interpolation  process  by  smoothing  the  fields  at 
the  interface  using  weighting  operations. 

In  most  of  the  subgridding  algorithm  described  in  the 
literature  the  reduction  factor  is  still  limited.  The 
purpose  of  this  paper  is  to  present  a  stable  and  accurate 
subgridding  technique  based  on  nested  submeshes 
which  allows  a  high  reduction  factor  of  16.  The 
performances  of  this  scheme  are  illustrated  through  two 
examples  of  near  field  calculations. 


Since  the  late  sixties  the  Finite  Difference  Time 
Domain  (FDTD)  [1]  has  been  extensively  used  to  solve 
various  problems  in  electromagnetic.  A  major  drawback 
of  the  standard  uniform  FDTD  is  its  difficulty  to  handle 
geometries  with  fine  structures  since  a  dense  mesh  is 
required  all  over  the  computational  domain,  which  often 
implies  unrealistic  memory  requirements.  To  overcome 
this  problem  two  avenues  can  be  considered  :  the  non- 
uniform  FDTD  and  the  subgridding  method  for  the  local 
mesh  refinement  in  conjunction  with  the  FDTD  .  The 
non-uniform  FDTD  is  easy  to  implement  however  it  is 
still  limited  [2].  The  main  advantage  of  the  subgridding 
method  is  its  ability  to  locally  improve  the  field 
resolution,  without  modifying  the  rest  of  the 
computational  domain.  Thus,  it  enables  us  to 
considerably  reduce  the  memory  and  computational 
time  requirements  for  various  problems  with  fme 
structures. 

In  the  last  few  years,  several  techniques  have 
been  developed  to  include  locally  refined  mesh  in  the 
FDTD.  In  1981  Kunz  and  Simpson  [3]  have  introduced 
a  method  to  model  small  objects  based  on  a  double  run 
approach.  Later  on  the  subgridding  method  has  been 
introduced,  and  different  techniques  have  been 
developed  to  recover  the  missing  components  at  the 
interface  between  the  coarse  and  the  local  meshes, 
based  on  the  wave  equation  [4  -  6],  the  matrix  approach 
[7],  and  Courant  Law  [8], 

Recently,  several  subgridding  techniques  based 
on  interpolation  schemes  have  been  proposed. 
Okoniewski  and  Stuchly  [9]  have  developed  a  technique 
based  on  interpolations  in  space  and  time  with  an  offset 
of  the  local  grid.  Chevalier  and  Luebbers  [10]  have 
introduced  the  co-located  fields.  In  both  cases  the  idea  is 
to  reduce  the  number  of  interpolations  to  minimize  the 
error.  In  [8,  10]  it  has  been  proposed  to  reduce  the  error 


2.  IMBRICATION  SUBGRIDDING  TECHNIQUE 

The  building  block  of  the  nested  subgridding 
scheme  we  propose  in  this  paper  is  based  on 
Okoniewski  scheme  [9].  This  scheme  has  been  chosen 
for  its  low  reflection  coefficient  even  with  simple  linear 
interpolations.  It  uses  a  reduction  factor  of  two  which  is 
insufficient  in  some  applications  where  objects  with  fine 
structures  are  present. 
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Fig.  1.  Nested  mesh  configuration. 


We  have  found  that  the  error  due  to  the  local  grid 
in  Okoniewski’s  scheme  decreases  with  the  reduction  of 
the  cell  size.  This  feature  has  motivated  us  to  develop  an 
nested  subgridding  technique  based  on  nested  meshes  as 
shown  on  Figure  1. 
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The  nested  subgridding  technique  consists  in 
adding  local  grids  one  into  another  ,  thus  permitting  to 
mutiply  by  two  the  reduction  factor  for  each  extra  local 
grid.  A  few  cells  are  left  between  each  nested  grid  so 
that  the  use  of  the  standard  FDTD  between  each  local 
grid  operates  as  a  kind  of  weighting  operator  that 
ensures  the  stability  and  the  accuracy  of  the  scheme. 

To  analyze  the  scheme  we  consider  a  local 
mesh  of  20*20*20  cells  inside  a  coarse  mesh  of 
30*30*30  cells.  The  local  mesh  is  illuminated  by  a  TE 
incident  plane  wave  perpendicular  to  one  of  its  faces 
that  is  generated  by  a  Huygens  box  surrounding  it.  The 
proposed  scheme  has  been  tested  up  to  60,000  time 
steps  where  it  was  still  stable  for  four  nested  grids 
which  means  a  reduction  factor  of  16.  To  evaluate  the 
accuracy  of  the  scheme  we  have  calculated  the 
reflection  coefficient  (RC)  from  the  subgridding 
volume.  The  reflected  E-field  is  sampled  outside  the 
Huygens  box.  The  magnitude  of  the  RC  depends  on  the 
spatial  and  time  steps.  The  test  has  been  performed  for  a 
spatial  step  of  X/10  which  is  the  worst  case. 
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Fig  2.  Reflection  Coefficient  for  various  nested  grids. 

Figure  2  shows  the  behavior  of  the  error  due  to 
successive  nested  grids.  As  expected,  we  can  see  that 
additional  error  due  to  each  new  nested  grid  decreases 
rapidly.  We  have  also  analyzed  the  influence  of  the 
number  of  cells  between  each  nested  grids.  In  the 
previous  test,  we  left  three  cells  on  each  side  of  each 
nested  grid.  For  a  number  of  cells  superior  to  three,  the 
behavior  of  the  RC  is  similar  so  it  is  useless  and  costly 
in  memory  to  use  more  than  three  cells.  Numerical 
experiments  show  that  the  scheme  becomes  unstable  for 
less  than  three  separating  cells  between  each  nested 
grid.  For  a  reduction  factor  of  32  we  have  noticed  that 
instability  appears  after  20,000  time  steps  of  the  main 
grid. 

3.  NEAR  FIELD  CALCULATION 

To  illustrate  and  validate  the  nested 
subgridding  scheme  we  analyze  two  examples  : 
scattering  from  a  perfect  conducting  sphere  and  the  near 
field  calculation  of  a  X/2  dipole. 


3.1  Scattered  near  field  from  a  conducting  sphere 

In  the  first  example  we  consider  a  conducting 
sphere  of  2  cm  diameter  which  is  about  X/16.  The 
sphere  is  placed  inside  a  Huygens  box  which  generates 
a  sinusoidal  plane  wave  at  900  MHz  propagating  along 
the  X  axis.  The  sphere  is  successively  meshed  for  a 
reduction  factor  of  4,  8  and  16  with  the  same  main  grid. 
The  results  for  the  field  magnitude  are  presented  in 
Figure  3. 


Fig  3.  Scattered  near  field  from  a  perfect  conducting 
sphere  centered  at  the  origin.  The  scattered  field 
is  calculated  using  the  nested  subgridding 
method  using  different  reduction  factors,  4,  8  and 
1 6,  and  an  analytical  solution. 

The  results  obtained  from  the  subgridding 
technique  are  compared  with  analytical  results  obtained 
using  the  Mie  series.  We  note  that  the  error  is  minimal 
for  a  reduction  factor  of  8.  The  error  for  a  reduction 
factor  of  4  is  more  important  since  the  mesh  is  not  fine 
enough  to  accurately  describe  the  sphere. 

For  a  reduction  factor  of  16  the  error  due  to  the 
high  reduction  factor  becomes  predominant  in  the  sense 
that  the  gain  in  accuracy  due  to  further  refining  the 
mesh  cannot  compensate  the  additional  error.  This 
example  shows  the  duality  between  the  interest  of  a 
high  reduction  factor  and  the  error  it  entails. 

3.2  Near  Field  of  a  dipole 

In  the  second  example  we  compare  the  near 
radiating  field  of  a  half  wave  length  dipole  at  900  Mhz 
to  quantify  the  error  due  to  the  local  grids.  The  results 
using  the  nested  subgridding  method  with  a  reduction 
factor  of  16  is  compared  with  those  obtained  using  the 
standard  FDTD  with  a  mesh  size  of  60*60*250  cells 
and  a  cell  size  of  1  mm  corresponding  to  that  of  the 
local  grid.  The  dipole  is  located  at  the  center  of  the  inner 
nested  mesh,  with  a  size  of  56*56*232  cells  which 
corresponds  to  a  coarse  mesh  of  30*30*30  cells.  The 
inner  cubic  cell  size  is  (L/300)3  and  that  of  the  coarse 
mesh  is  (A./19)3. 

Figure  4  shows  the  field  near  the  dipole.  The 
computational  domain  described  in  the  figure  is  entirely 
included  in  the  inner  nested  grid.  At  2  mm  from  the 
dipole  the  difference  between  the  two  curves  is  of  20 
percent,  and  it  rapidly  decreases.  From  1  cm  from  the 
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dipole,  vis.,  A730,  the  two  curves  are  practically 
identical. 


standard  FDTD  and  the  nested  subgridding 
scheme  with  a  reduction  factor  of  16. 

This  results  is  most  satisfactory  and  it  illustrates  the 
efficiency  of  the  proposed  scheme. 

4.  CONCLUSION 

In  this  paper  we  have  presented  an  nested 
subgridding  scheme  which  is  numerically  stable  and 
accurate.  The  importance  of  the  proposed  scheme  is  that 
it  enables  one  to  drastically  reduce  the  memory  storage 
and  the  computational  time.  This  scheme  allows  to  use  a 
reduction  factor  of  16  to  locally  improve  the  precision 
of  the  FDTD  method.  It  is  well  suited  for  problems  with 
fine  structures  or  for  problems  which  require  fields  with 
high  resolution. 

The  stability  of  the  scheme  is  based  on  two 
major  upsets  :  Small  interpolation  error  and  implicit 
weighting  operations  due  to  the  use  of  standard  FDTD 
between  each  nested  grid.  The  simplicity  of  this  scheme 
makes  it  easy  to  implement  in  a  standard  FDTD  code. 
Two  examples  of  near  field  calculation  illustrate  the 
accuracy  of  the  proposed  scheme.  Important  application 
of  the  nested  subgridding  scheme  such  as  wire  antenna 
analysis  and  the  study  of  near  field  interaction  between 
a  human  head  and  mobile  phone  can  be  envisaged. 
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The  influence  of  using  a  cellular  phone  inside  a 
car  on  the  radiated  electromagnetic  field  is  analyzed 
numerically.  The  specific  absorption  rate  (SAR)  in¬ 
side  the  head  and  the  antenna  characteristics  are 
considered  for  a  simulation  with  and  without  car. 
For  the  computations  the  Finite  Integration  Tech¬ 
nique  in  time  domain  implemented  in  the  Software 
Package  MAFIA 1  is  used. 

1.  Introduction 

The  energy  absorption  inside  a  human  head 
caused  by  electromagnetic  near  fields  of  a  cellu¬ 
lar  phone  has  been  analyzed  in  several  publications 
[3], [5].  For  all  these  studies  the  human  head  was 
located  in  free  space.  In  practice  cellular  phones 
are  used  under  various  circumstances,  e.g.  inside 
cars.  The  influence  of  that  electric  conducting  envi¬ 
ronment  on  the  antenna  characteristics,  farfield  and 
impedance,  and  the  energy  absorption  inside  the  hu¬ 
man  head  is  considered  in  numerical  simulations. 
The  method  used  for  the  simulations  is  the  Finite 
Integration  Technique,  in  time  domain  equivalent  to 
FDTD.  For  a  realistic  modelling  of  the  structure  to 
be  analyzed,  CAD  data  of  a  car  and  a  human  head 
model  extracted  out  of  NMR-measurements  are  im¬ 
ported  into  the  software  package  MAFIA.  Due  to  the 
complexity  of  the  whole  simulated  structure  local 
mesh  refinements  and  a  PML  boundary  condition 
are  used  to  improve  the  accuracy  and  the  numerical 
efficiency  of  the  computation. 

2.  Numerical  Method 

1MAxwells  Finite  Integration  Algorithm 


Figure  1:  Allocation  of  the  field  components  in  the 
mesh 

2.1  Finite  Integration  Technique  (FIT) 

The  method  used  for  our  calculations  is  the  FI- 
method  [2],  which  in  the  time  domain  formulation 
becomes  equal  to  Yee’s  [4]  scheme. 

Maxwell’s  Equations  are  transformed  one  to  one 
from  the  continuous  domain  to  a  discrete  space  by 
allocating  electric  fields  on  a  grid  G  and  magnetic 
fields  on  a  dual  grid  G  [1].  The  allocation  of  the 
field  components  on  the  grid  can  be  seen  in  Fig.l. 


Ce  =  -b 

(1) 

d  —  Dee 

(5) 

Ch  —  j  +  d 

(2) 

b  =  D^h 

(6) 

o 

II 

-o 

CO 

(3) 

j  -  DKe  +  jA 

(7) 

Sd  =  q 

(4) 

The  discrete  equivalent  of  Maxwell’s  equations 
are  shown  in  Eqs.(l)-(4),  where  e  and  h  are  the  elec¬ 
tric  voltages  between  grid  points  and  the  magnetic 
voltages  between  dual  grid  points,  respectively,  d,  b 
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and  j  are  fluxes  over  grid  or  dual  grid  faces.  The  dis¬ 
crete  analogon  of  the  coupling  between  voltages  and 
fluxes  is  represented  by  the  diagonal  material  matri¬ 
ces  Dt,  and  DK.  So  far  Maxwells  Equations  are 
mapped  on  a  discrete  space  and  can  be  simplified 
regarding  special  problem  types.  The  time  domain 
formulation  is  equivalent  to  FDTD  and  is  performed 
by  using  the  well  known  leap-frog-scheme  [4],  which 
leads  to  ah  explicit  algorithm  to  solve  the  electro¬ 
magnetic  field  problem.  For  the  lossless  case  the 
scheme  is  described  in  Eqs.(8)-(11)  [2]. 

fi+1  =  AF  +  s*  (8) 

with 


The  maximum  stable  time-step  inside  an  equidis¬ 
tant  grid  is  restricted  by  the  Courant  criterium  to 

At  <  =====  (12) 

CV3T^  +  AF  +  5^ 

and  is  not  affected  by  taking  additionally  electric 
losses  into  consideration. 

2.2  Local  Mesh  Refinement 

To  achieve  an  accurate  modelling  e.g.  of  the 
small  details  inside  the  human  head  a  consis¬ 
tent  three-dimensional  subgridding  scheme  is  used 
(Fig.2).  With  such  a  scheme  it  is  possible  to  re¬ 
duce  the  total  number  of  gridpoints  in  less  sensi¬ 
tive  areas,  whereas  the  necessary  resolution  in  and 
around  the  human  head  is  ensured  ([7]).  In  contrast 
to  other  subgridding  methods  the  one  used  in  this 
work  guarantees  energy  and  divergence  conservation 
and  therefore  long  term  stability.  A  local  time  step 
inside  the  subgrids  allows  a  further  reduction  of  the 
computation  time. 

The  subgrid  algorithm  in  MAFIA  enables  the  use 
of  subgrids  inside  subgrids  (Fig.2).  The  number  of 
subgrids  put  into  one  another  is  not  limited.  The 
grading  factor  for  the  mesh  step  size  of  each  subgrid 
is  always  two. 

2.3  PML  Open  Boundary  Condition 

The  theoretically  boundless  space  extension  of 
the  whole  structure  is  simulated  by  the  Perfectly 
Matched  Layer  (PML)  boundary  condition.  This 
technique  was  first  published  by  Berenger  [8]  and 
bases  upon  a  splitting  of  the  electric  and  magnetic 
fields  in  combination  with  assigning  individual  losses 


Figure  2:  Subgridding  in  and  around  the  human 
head 

to  the  splitted  components.  Outgoing  waves  of  any 
frequency  and  any  incident  angle  are  absorbed  with 
rather  low  reflections.  The  layer  used  for  the  simu¬ 
lation  has  a  thickness  of  6  cells;  the  losses  inside  are 
qudratically  graded  with  the  depth.  The  theoreti¬ 
cal  reflection  coefficient  for  perpendicular  outgoing 
waves  is  set  to  0.01%. 

3.  Simulated  Structure 
3.1  Human  Body  Model 

One  main  issue  of  our  considerations  is  the  pen¬ 
etration  of  the  electromagnetic  field  into  the  human 
head,  since  the  head  is  located  nearest  to  the  an¬ 
tenna  and  seems  to  be  the  most  sensitive  part.  For 


z 


Figure  3:  The  human  head  modelled  out  of  NMR- 
data  with  the  mobile  phone  aside 

the  head  an  advanced  model  has  been  extracted  out 
of  NMR-data  consisting  of  55  slices  with  100x100 
voxels  and  with  a  single  voxel  dimension  of  2.5mm 
x  2.5mm  x  3.3mm  [3].  7  different  tissue  types  for 
gray  and  white  brain,  skin,  bone,  muscle,  gristle, 
and  fat  are  used.  Additionally  the  eyes,  the  aorta, 
air  gaps  and  liquid  areas  are  modelled.  The  mate¬ 
rial  properties  are  taken  from  [5].  Figure  3  shows  the 
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human  head  model  used  for  the  simulation.  The  hu¬ 
man  body  is  created  out  of  elementary  shapes  with 
homogeneous  material  parameters. 

3.2  Car  Model 

As  shown  in  Figure  4  the  model  of  a  Honda  Ac¬ 
cord  is  imported  via  a  CAD-Interface  into  the  code 
MAFIA.  The  car  model  consists  of  the  outer  body- 


Figure  4:  The  Honda  Accord  with  human  body  in¬ 
side  and  the  fine  resolution  head  model  (Fig.3) 

work  and  a  complete  interior  with  seats,  dashboards 
and  further  details,  which  may  influence  the  electro¬ 
magnetic  fields  inside  the  car.  The  car  itself  is  po¬ 
sitioned  with  the  tires  upon  an  electric  conducting 
ground.  The  outer  body  of  the  car  is  perfectly  elec¬ 
tric  conducting,  whereas  the  inner  synthetic  parts 
and  the  seats  where  modelled  with  a  permittivity  of 
2  and  a  neglectable  conductivity. 

3.3  Computational  Model  and  Efforts 

For  the  discretization  of  the  complete  structure  a 
base  grid,  which  is  extended  to  the  outer  boundaries 
of  the  computation  domain  with  about  1.4  million 
mesh  cells  is  used.  The  maximum  mesh  step  size  in 
that  grid  is  2.2  cm,  A/15  at  the  operation  frequency 
of  900  MHz.  The  phone,  a  conducting  case  with 
antenna  on  top  and  a  current  source  in  between  is 
positioned  aside  the  head  at  a  distance  of  2.5  mm. 
The  distance  between  the  head  and  the  antenna  on 
top  of  the  phone  case  is  2  cm.  Three  submeshes 
put  into  one  another  are  used  to  reach  the  resolu¬ 
tion  of  2.5mm  required  for  the  human  head  (Fig.2). 
The  innermost  submesh  contains  the  human  head 
with  the  cellular  phone.  Just  this  single  submesh 
has  about  900000  meshpoints.  The  complete  struc¬ 
ture  including  all  submeshes  consists  of  2.47  million 
mesh  cells.  The  memory  required  for  the  computa¬ 
tion  is  162  MB  for  a  computation  with  a  first  order 
open  boundary  operator.  Additionally  65  MB  are 
necessary  for  the  PML  boundary  condition  with  a 
thickness  of  6  layers.  The  calculation  time  for  the 
structure  with  car  and  human  is  24  h  on  an  Ultra- 
Sparc  II  with  167  MHz  for  the  braodband  computa¬ 
tion  and  40  h  for  the  monochromatic  computations, 


respectively.  For  the  comparison  computation  with¬ 
out  car,  just  with  human  body,  the  calculation  do¬ 
main  is  reduced  to  an  outer  boundary  of  one  wave¬ 
length  around  the  human  body.  The  total  number 
of  mesh  cells  for  that  computation  is  about  1.37  mil¬ 
lion.  Due  to  the  applied  algorithm  the  computation 
time  scales  down  linear  e.g.  to  13  h  for  the  broad¬ 
band  computation. 

4.  Results 

The  cellular  phone  used  for  the  excitation  is  posi¬ 
tioned  at  the  right  side  of  the  head  (Fig. 2, 3, 4).  The 
quarter  wave  antenna  on  top  of  the  handy  is  excited 
at  a  frequency  of  900  MHz  with  a  smooth  switch-on 
slope  for  the  monochromatic  computations,  whereas 
for  the  braodband  results  a  sinusoidal  modulated 
gaussian  pulse  is  excited  with  a  middle  frequency  of 
900  MHz  and  a  60dB  bandwidth  of  600  MHz. 


Figure  5:  The  directivity  for  the  three  simulated 
cases 


Figure  6:  The  real  and  imaginary  part  of  the  base 
impedance  for  the  three  simulated  cases 

Three  different  arrangements  are  considered  to 
compare  the  antenna  characteristics,  impedance  and 
farfield.  The  first  structure  contains  the  car,  the  hu¬ 
man  and  the  fine  resolution  head  model.  For  the 
second  structure  the  human  is  considered  in  free 
space  without  car  but  also  with  the  fine  resolution 
head  model.  In  the  third  simulation  only  the  mobile 
phone  is  taken  into  account. 

Fig.6  shows  the  real  and  imaginary  part  of  the 
impedance  for  the  three  analyzed  arrangements. 
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Table  1:  Energy  Absorption  P  in  %  of  the  radiated 
power;  SAR-values  in  mW/cm 3  for  1W  radiated  power; 
Results  axe  given  for  the  simulation  with  and  without 
car  _ _ 


with  car 

without  car 

P„nda 

17.19 

16.92 

PeYe 

0.04 

0.03 

Phead 

60.35 

57.88 

SAR  . 

peak 

22.71 

21.31 

SAR, 

lccm 

3.70 

3.66 

The  resonance  frequency  just  for  the  phone  with¬ 
out  human  aside  is  at  about  1  GHz,  whereas  for  the 
simulations  with  head  it  is  shifted  to  values  much 
closer  to  the  interesting  frequency  of  900  MHz.  The 
influence  of  the  car  and  the  human  on  the  directiv¬ 
ity  is  shown  in  Fig. 5.  Due  to  the  energy  absorption 
inside  the  head  the  levels  of  the  directivity  for  the 
simulation  with  and  without  head  differ  obviously, 
the  influence  of  the  car  on  the  characteristic  is  not 
neglectable  as  well. 


Figure  7:  The  difference  between  the  SAR  values  for 
the  simulation  with  and  without  car  in  a  y-cutplane 

Further  investigations  deal  with'  the  influence  of 
the  electromagnetic  fields  on  the  human  head.  In 
the  following  only  the  computation  with  and  with¬ 
out  car  are  considered.  Table  1  shows  the  energy 
absorption  inside  the  human  head  for  the  both  sim¬ 
ulated  cases.  The  energy  absorption  in  %  of  the 
radiated  power  as  well  as  the  SAR  peak  and  aver¬ 
aged  values  in  mW/cm3  for  1  W  radiated  power  are 
listed.  The  totally  absorbed  power  in  the  head  is 
about  3%  higher  for  the  usage  of  the  phone  inside 
the  car.  The  difference  for  the  SAR  peak  value  is 
about  6.5%,  whereas  the  maximum  averaged  values 
over  1  cm 3  are  comparable. 

Fig. 7  and  Fig.8  show  the  SAR  distribution  differ¬ 
ence.  iSARjyif/,  car  S ARxuithout  car  hi  x-  and  y-  cut- 
planes  (Fig. 3).  For  nearly  all  areas  in  that  cutplanes 


Figure  8:  The  difference  between  the  SAR  values  for 
the  simulation  with  and  without  car  in  a  x-cutplane 
(Fig. 3) 


Figure  9:  The  SAR  values  versus  z  for  constant  x 
and  y  at  the  height  of  the  current  source;  The  values 
correspond  to  1W  radiated  power 


z/m 


Figure  10:  The  difference  between  the  SAR  values 
for  the  simulation  with  and  without  car  correspond¬ 
ing  to  1W  radiated  power  (same  line  as  in  Fig.9) 

the  absorption  for  simulation  with  car  is  higher. 
Fig.9  and  Fig.  10  confirm  that  result.  They  show  the 
SAR  distribution  versus  the  z-coordinate  for  con¬ 
stant  x  and  y  at  the  height  of  the  current  source. 
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5.  Conclusion 

Using  a  cellular  phone  inside  a  car  is  compared 
to  using  it  in  free  space.  Two  different  kind  of 
quantities  are  considered,  the  antenna  characteris¬ 
tics  farfield  and  impedance  and  the  energy  absorp¬ 
tion  in  different  parts  of  the  human  head.  The  main 
influence  on  the  impedance  is  given  by  the  human 
head,  which  shifts  the  resonance  frequency  by  about 
50  MHz.  As  expected  the  directivity  of  the  mo¬ 
bile  phone  shows  differences  between  the  computa¬ 
tion  with  and  without  car,  altough  the  main  influ¬ 
ence  is  given  by  the  human  head  and  the  absorption 
of  about  60%  of  the  radiated  energy.  The  differ¬ 
ences  between  the  absorbed  energy  for  the  simula¬ 
tions  with  and  without  car  differ  only  about  3%,  also 
the  SAR  peak  value  is  just  6%  higher  for  using  the 
phone  inside  the  car.  The  capability  of  the  MAFIA 
code  to  handle  structures  extended  to  several  wave¬ 
lengths  with  complex  details  has  been  proved.  A  fur¬ 
ther  advance  to  treat  EMC  relevant  problems  with 
numerical  methods  has  been  achieved. 
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This  short  paper  presents  some  general,  intro¬ 
ductory  remarks  on  two  subjects,  namely,  SAR  cal¬ 
culation  via  FDTD,  and  subgridding  algorithms  in 
FDTD,  dominating  in  the  papers  included  in  the  ses¬ 
sion  “Computational  Electromagnetics  in  Wireless 
Personal  Communications”.  Also,  the  papers  are 
briefly  introduced. 


1.  INTRODUCTION 

Wireless  cellular  telephony  and  other  mobile  per¬ 
sonal  communication  services  are  the  fastest  grow¬ 
ing  field  in  the  telecommunications  world.  In  per¬ 
sonal  mobile  communications,  a  key  consideration 
is  the  electromagnetic  (EM)  interaction  between  a 
portable  handset  (hand-held  mobile  terminal  equip¬ 
ment  (MTE))  and  the  human  body.  Hand-held  and 
body-mounted  devices  operate  in  close  proximity  to 
the  user’s  body,  and  this  results  in  that  the  pres¬ 
ence  of  the  user  has  a  significant,  usually  undesirable, 
influence  on  the  handset  antenna  parameters  (radi¬ 
ation  pattern,  gain,  and  input  impedance).  This  ef¬ 
fect  seems  to  deserve  thorough  investigation,  since  a 
detailed  understanding  of  the  handset-user  EM  in¬ 
teraction  mechanism  provides  basis  for  designing  an¬ 
tennas  whose  performance  is  potentially  less  affected 
by  the  presence  of  the  human. 

Another  important  consideration  resulting  from 
the  handset  operation  in  close  proximity  of  the  user’s 
body  involves  the  interaction  of  the  radiated  EM  en¬ 
ergy  with  the  nearby  biological  tissues.  A  certain 
amount  of  the  EM  energy  is  absorbed  by  the  body 
and  converted  to  heat.  This  results  in  public  con¬ 
cern  about  possible  health  effects  of  human  expos¬ 
ure  to  electromagnetic  energy  emitted  by  mobile  tele¬ 
communication  equipment,  and,  generally,  about  the 
safety  of  wireless  personal  communications. 


2.  SAFETY  LIMITS  AND  SAR  CALCULATION 

In  the  frequency  range  of  mobile  communications, 
the  electromagnetic  absorption  effects  on  the  human 
tissues  are  consistent  with  responses  to  induced  heat¬ 
ing  and  are  commonly  referred  to  as  thermal  effects. 
Consequently,  the  basic  limits  of  exposure  are  ex¬ 
pressed  by  the  quantity  called  “specific  absorption 
rate”  (SAR).  SAR  is  the  time  rate  at  which  EM  en¬ 
ergy  is  absorbed  by  (dissipated  in)  an  element  of  bio¬ 
logical  body  mass,  and  is  expressed  in  units  of  watts 
per  kilogram.  The  safety  standards  recommend  lim¬ 
its  on  the  whole-body  averaged  SAR,  and  the  mass- 
normalized  maximum  local  SAR.  These  quantities 
must  be  averaged  over  a  defined  time  interval.  The 
threshold  for  effects  considered  detrimental  to  health 
is  observed  at  SAR  of  about  4  W/kg,  averaged  over 
the  whole  body.  For  the  general  public,  a  safety 
factor  of  50  against  the  threshold  of  4  W/kg  is  in¬ 
troduced,  resulting  in  a  SAR  value  restriction  of 
0.08  W /kg,  averaged  again  over  the  whole  body.  The 
limitations  for  the  whole  body  averaged  SAR  value 
are  not  sufficiently  restrictive,  since  the  distribution 
of  the  absorbed  energy  in  the  human  body  can  be 
very  inhomogeneous,  and  the  maximum  value  of  a 
local  SAR,  i.e.,  the  peak  SAR  value  can  be  excess¬ 
ively  high  even  when  the  whole  body  averaged  SAR 
does  not  exceed  0.08  W /kg.  In  order  to  avoid  excess¬ 
ive  local  heating,  additional  restrictions  of  local  SAR 
are  introduced.  Specifically,  the  European  Prestand¬ 
ard  [1]  sets  the  basic  limit  for  the  peak  SAR  value  at 
2  W/kg,  as  averaged  over  any  10  g  of  tissue  in  any 
6- min  time  interval.  The  U.S.  ANSI/IEEE  standard 
[2]  requires  spatial  peak  SAR  value  not  exceeding  1.6 
W/kg,  as  averaged  over  1  g  of  tissue  in  any  30-min 
time  period.  Hence,  knowledge  of  the  SAR  distribu¬ 
tion  in  the  human  body  as  a  result  of  exposure  to 
the  electromagnetic  field  radiated  by  nearby  source 
is  of  fundamental  importance  for  the  hazard  assess¬ 
ment  of  thermal  effects  to  the  persons,  and  for  test- 
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ing  compliance  of  hanheld  MTE  with  safety  limits. 
The  maximum  local  SAR,  which  is  the  most  critical 
quantity  in  the  context  of  potential  health  effects  of 
RF  energy  radiated  by  handheld  MTE,  depends  on  a 
large  number  of  factors,  such  as:  1)  design  of  MTE, 
its  operational  frequency  and  antenna  input  power; 
2)  orientation  of  the  telephone  with  respect  to  the 
human  head;  3)  the  characteristics  of  the  head,  i.e., 
its  size,  external  and  internal  geometry,  and  electric 
properties  of  the  different  tissues  within  the  head. 

Because  of  difficulties  of  direct  measurements  of 
SAR  distribution  in  living  biological  systems  (hu¬ 
mans),  several  numerical  techniques  have  been  de¬ 
veloped  for  SAR  calculation,  allowing  detailed  mod¬ 
eling  of  the  human  body  and  its  anatomical  prop¬ 
erties.  Of  the  several  approaches,  the  finite  dif¬ 
ference  time  domain  (FDTD)  technique  [3]— [10]  is 
often  regarded  as  the  most  successful  and  the  one 
with  the  greatest  scope  for  the  future.  Basically, 
the  approach  involves  solving  Maxwell’s  curl  equa¬ 
tions  using  a  finite-difference  approximation  to  both 
space  and  time  derivatives.  While  FDTD  is  very  well 
suited  to  computing  transient  responses,  the  tech¬ 
nique  can  also  be  employed  to  obtain  continous  wave 
(CW)  steady-state  solution  by  allowing  the  time- 
domain  solution  to  run  for  a  period  of  time  enough 
to  achieve  steady-state  conditions. 

The  SAR  can  also  be  used  to  evaluate  the  time 
rate  of  change  of  temperature  provided  the  heat  ex¬ 
change  characteristics,  including  the  thermoregulat¬ 
ory  responses  of  the  organism  under  consideration  is 
known. 

2.  SUBGRIDDING  IN  FDTD 

In  applying  FDTD,  one  of  the  most  critical  points 
is  the  choice  of  the  cell  size.  In  general,  the  accuracy 
of  the  numerical  solution  becomes  better  as  the  cells 
become  smaller,  since  smaller  cells  result  in  better 
representation  of  the  geometry  (“staircase”  effects), 
and  better  approximation  to  space  derivatives.  On 
the  other  hand,  the  cell  size  must  be  large  enough  to 
keep  the  computer  storage  requirements  reasonable. 
Usually,  a  maximum  FDTD  cell  size  is  set  to  10-15 
cells  per  minimum  wavelength  for  which  accurate  res¬ 
ults  are  desired.  There  are  situations,  however,  that 
require  far  more  higher  mesh  resolution  in  only  small 
subvolumes  of  the  entire  mesh  space.  This  is  the  case, 
for  example,  when  there  are  small  portions  of  the  en¬ 
tire  mesh  space  that  contain  dielectric  material  with 
high  dielectric  constant.  By  applying  mesh  refine¬ 
ment  only  to  these  subvolumes,  the  resolution  can 
be  locally  increased  without  modifying  the  rest  of 
the  mesh  space  (computational  domain).  The  prin¬ 
cipal  advantage  of  this  approach,  called  “subgridding 
method”  [HI,  [12],  [13],  is  that  it  offers  consider¬ 
able  memory  and  computation  time  saving  compared 
to  those  required  if  the  entire  FDTD  computational 
space  were  meshed  with  the  local-grid  cell  size. 


3.  PAPERS  INCLUDED  IN  THE  SESSION 

The  first  paper  in  the  Session,  co-authored  by 
Chaillou,  Wiart,  Altman,  and  Tabbara,  proposes  a 
subgridding  technique  based  on  nested  submeshes 
which  allows  a  high  reduction  factor  of  16.  The  use¬ 
fulness  of  the  proposed  technique  is  illustrated  by  the 
examples  of  near  field  calculations.  The  intended  ap¬ 
plication  of  the  technique  is  in  the  analysis  of  near 
field  interaction  effects  between  the  human  head  and 
a  mobile  phone. 

The  paper  by  Ehmann,  Gutschling,  Trapp,  and 
Weiland  reports  the  results  of  the  study  of  the  hand¬ 
held  mobile  phone  radiating  inside  a  car  at  900  MHz.. 
Anatomically  correct  model  of  the  human  head,  and 
a  precise  numerical  model  of  a  car  are  employed  in 
the  analysis.  Numerical  simulation  is  performed  with 
the  use  of  the  software  package  MAFIA  with  imple¬ 
mentation  of  the  local  mesh  refinement’  (subgridding) 
technique. 

In  the  paper  by  Wang  and  Fujiwara,  the  temper¬ 
ature  rise  in  the  anatomically  correct  model  of  the 
human  head  due  to  the  absorption  of  EM  energy 
radiated  by  a  nearby  hand-held  telephone  is  com¬ 
puted  using  FDTD.  The  results  of  numerical  simu¬ 
lation  show  that  the  maximum  temperature  rise  in 
the  brain  is  0.1°C  when  the  ICNIRP  safety  limit  for 
the  peak  spatial  SAR  is  not  exceeded. 

The  paper  by  Wnuk,  Kolosowski,  and  Amanowicz 
presents  two  new  types  of  microstrip  antennas  for 
mobile  terminal  equipment  with  reduced  radiation 
towards  the  user  (operator)  head.  The  Method-of- 
Moment  theoretical  results  are  presented  and  com¬ 
pared  with  the  experimental  results. 
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In  this  paper,  temperature-rises  in  the  human 
head  for  portable  telephones  were  computed  with 
an  anatomically  based  head  model.  The  specific 
absorption  rate  (SAR)  in  the  human  head  was 
determined  using  the  finite- difference  time-domain 
(FDTD)  method,  while  a  bioheat  equation,  which 
takes  into  account  various  heat  exchange  mecha¬ 
nisms  such  as  heat  conduction,  blood  flow  and  elec¬ 
tromagnetic  heating,  was  numerically  solved  also  us¬ 
ing  the  FDTD  method.  Computed  results  show  that, 
for  an  uncontrolled  environment,  application  of  the 
ANSI/IEEE  safety  guidelines  restricting  the  one- 
gram-averaged  peak  SAR  to  1.6  W/kg  results  in  a 
maximum  temperature-rise  in  the  brain  of  0.05  °C, 
and  application  of  the  ICNIRP/ Japan  safety  guide¬ 
lines  restricting  the  ten-gram-averaged  peak  SAR  to  2 
W/kg  results  in  a  maximum  temperature-rise  in  the 
brain  of  0.10  °C  at  900  MHz. 

1  INTRODUCTION 

With  the  recent  rapid  increase  in  the  use  of 
portable  telephones,  public  concern  regarding  poten¬ 
tial  health  hazards  due  to  the  absorption  of  electro¬ 
magnetic  (EM)  energy  emitted  by  these  telephones 
has  been  growing.  Safety  guidelines  for  protecting 
the  human  body  from  radio  frequency  exposure  have 
been  issued  in  various  countries.  These  safety  guide¬ 
lines  are  based  on  the  findings  from  animal  experi¬ 
ments  that  the  biological  hazards  due  to  radio  waves 
result  mainly  from  the  temperature-rise  in  tissue  and 
that  a  whole-body-averaged  specific  absorption  rate 
(SAR)  below  0.4  W/kg  are  not  hazardous  to  human 
health.  In  contrast  to  a  wealth  of  data  available  on 
the  whole-body-averaged  SAR  threshold,  very  little 
is  known  about  possible  biological  effects  of  local¬ 
ized  SAR.  For  the  human  head  exposed  to  RF  fields 
from  portable  telephones,  there  may  be  a  high  lo¬ 
calized  peak  SAR  in  parts  of  the  head  as  a  portable 
telephone  is  brought  extremely  close  to  the  head.  A 
localized  spatial  peak  SAR  not  exceeding  1.6  W/kg 
averaged  over  any  one-gram  of  tissue  [1]  or  2  W /kg 
averaged  over  any  ten-grams  of  tissue  [2]  [3],  which 
are  specified  in  uncontrolled  environments,  has  been 
recommended.  However,  the  physiological  ground 


Fig.  1  Geometry  of  head-telephone  model. 

of  these  safety  guidelines  for  near-field  exposure  is 
still  unclear.  Since  the  SAR  is  a  physical  quan¬ 
tity  which  causes  the  tissue  heating  due  to  RF  ex¬ 
posure,  the  safety  guidelines  on  localized  SAR  for 
portable  telephones  should  be  determined  in  rela¬ 
tion  to  temperature-rise  in  the  head,  especially  in 
the  brain  because  of  its  critical  control  function. 

From  this  point  of  view,  the  temperature-rise  in 
the  human  head  for  portable  telephones  is  computed 
in  this  paper.  The  human  head  is  modeled  as  an 
anatomically  based  head  model  and  the  portable 
telephone  is  modeled  as  a  monopole  antenna  on  a 
metal  box.  The  temperature-rise  is  computed  in  two 
steps  [4].  The  first  step  is  to  compute  the  SAR  distri¬ 
bution  in  the  human  head  using  the  finite- difference 
time-domain  (FDTD)  method,  while  the  other  step 
is  to  determine  the  temperature-rise  by  solving  a  bio¬ 
heat  equation  which  takes  into  account  various  heat 
exchange  mechanisms  such  as  heat  conduction,  blood 
flow  and  EM  heating  also  using  the  FDTD  method. 

2  COMPUTATION  METHOD 

2.1  SAR  Computation 

Figure  1  shows  the  human  head  and  portable  tele¬ 
phone  model  for  the  present  study.  The  head  model 
was  constructed  by  our  groups  on  the  basis  of  an 
anatomical  chart  of  a  Japanese  adult  head  [5].  It 
consists  of  273  108  cubical  cells  with  a  resolution  of 
2.5  x  2.5  x  2.5  mm.  Six  types  of  tissues  are  in¬ 
volved  in  this  model.  The  electrical  properties  of 
tissues  at  900  MHz  are  given  in  Table  1  in  which  er 
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and  a  are  the  relative  permittivity  and  conductivity, 
respectively.  The  portable  telephone  was  considered 
to  be  a  1/4- wavelength  monopole  antenna  mounted 
on  a  rectangular  metal  box.  The  metal  box  was  12 
cm  tall,  4  cm  wide  and  2.5  cm  deep.  The  monopole 
had  a  radius  of  0.5  mm  and  was  located  at  the  center 
of  the  top  surface  of  the  metal  box. 

The  FDTD  method  was  used  for  the  SAR  compu¬ 
tation.  The  parameters  for  our  FDTD  computation 
were  as  follows.  A  space  domain  enclosing  the  human 
head  and  the  portable  telephone  had  200  x  200  x 
200  cells.  Each  cell  had  a  size  of  6=2. 5mm.  The  time 
step  was  set  to  6/\/3c,  where  c  is  the  speed  of  light, 
to  ensure  the  numerical  stability.  The  time-stepping 
was  performed  for  about  seven  sinusoidal  cycles  in 
order  to  reach  a  steady  state.  To  absorb  the  outgo¬ 
ing  scattered  waves,  the  second  order  Mur  absorbing 
boundaries  acting  on  electric  fields  were  used.  The 
monopole  antenna  was  approached  by  thin-wire  ap¬ 
proximation.  An  antenna  excitation  was  introduced 
by  specifying  a  voltage  across  the  1-cell  gap  between 
the  monopole  and  the  top  surface  of  the  metal  box. 


Table  1  Dielectric  properties  of  tissues 


Tissue 

€r 

a  [S/m] 

Bone 

17.4 

0.19 

Brain 

44.1 

0.89 

Muscle 

51.8 

1.11 

Eyeball 

74.3 

1.97 

Fat 

10.0 

0.17 

Skin 

39.5 

0.69 

[W/m2-^],  and  the  SAR  is  the  input  EM  heating 
source  into  the  bioheat  equation.  For  simplicity  in 
solving  the  bioheat  equation,  the  parameters  Cp,  K 
and  b  are  taken  to  be  independent  of  temperature 
and  time,  and  assumed  constant  within  each  tissue. 

The  discretization  of  the  bioheat  equation  follows 
that  of  the  FDTD  cell  used  to  determine  the  SAR.  By 
expanding  the  bioheat  equation  in  its  finite  difference 
approximation,  Eqs.(l)  and  (2)  can  be  written  as 


Tm+1(i,j,k)  =  Tm(i,j,k)  + 

St 


St 


-SAR(i,j,  k) 


p(i,j,k)Cp(^lk) 


+ 


Cp(*,  j,  k) 

b(i,j,k)[Trn(i,j,k)-Ti] 

hj',k ) 


r  ■  r  •  ,U2' ^ k) 
+Tm(i,j  +  l,k)  -\-Tm{i,j,k  +  1) 

+Tm(i-l,j>k)  +  Tm{i,j-A,k) 


+  Tm(i,j,k-l)-6Tm(ilj,k)]  (3) 

TahS 
K  +  hS 
(4) 

where  the  finite  difference  approximation  of  Eq.(2) 
is  given  only  along  the  x-directed  line.  Similar  ap¬ 
proximations  can  be  obtained  along  y-  and  z-directed 
lines.  In  order  to  ensure  the  numerical  stability,  8t 
was  chosen  to  satisfy 


s,  < 


2  PCpS2 
UK  +  W2 


(5) 


2.2  Temperature-Rise  Computation 

The  normal  human  body  temperature  is  kept  in  a 
thermal  equilibrium  state  based  on  the  balance  of 
chemically  thermal  generation  and  physically  ther¬ 
mal  dissipation.  When  a  human  head  in  such  a  ther¬ 
mal  equilibrium  state  is  exposed  to  the  EM  fields,  the 
resultant  temperature-rises  may  be  obtained  from  a 
bioheat  equation  which  takes  into  account  such  heat 
exchange  mechanisms  as  heat  conduction,  blood  flow 
and  EM  heating  [6].  The  bioheat  equation  is  given 
by 

p  ■  Cp  ~~  =  KV2T+p  ■  SAR  -b-(T-Tb)  (1) 

with  the  boundary  condition 

=  T-Ta)  (2) 

where  T  =  T(x,y,z,t )  is  the  temperature  [°C] 
at  time  t,  Cp  is  the  specific  heat  [J/kg-°C],  K  is 
the  thermal  conductivity  [W/m-°C],  b  is  a  constant 
[W/m3-°C]  related  to  the  blood  flow,  Tb  is  the  blood 
temperature,  Ta  is  the  ambient  temperature,  n  is  the 
unit  vector  normal  to  the  surfaces  of  head  or  internal 
cavity,  h  is  the  convective  heat  transfer  coefficient 


which  was  derived  by  us  from  the  Von  Neumann’s 
condition. 

Values  of  the  thermal  properties  are  required  for 
each  of  tissues  to  solve  the  bio  heat  equation.  Table  2 
gives  the  values  of  p,  CPi  K,  and  b  used  in  our  com¬ 
putation.  They  are  taken  from  [6]  and  [7].  As  for  the 
convective  heat  transfer  coefficient  h,  two  values  were 
adopted.  One  was  ha ,  the  convective  heat  transfer 
coefficient  from  the  head  surface  to  the  ambient  tem¬ 
perature,  which  was  taken  to  be  10.5  W/m2oC  [8]. 
The  other  was  hb}  the  convective  heat  transfer  coef¬ 
ficient  from  the  internal  surface  to  the  cavity,  which 
was  taken  to  be  50  W/m2  •°C.  The  ambient  temper¬ 
ature  and  the  blood  temperature  were  set  to  be  20 
°C  and  37  °C,  respectively. 


Table  2  Thermal  properties  of  tissues 


P 

K 

b 

Tissue 

[kg/m3] 

[J/kg  -OC] 

[W/m  -°C] 

[W/m3  -°C] 

Bone 

1810 

1300 

0.30 

1401 

Brain 

1040 

3500 

0.60 

37822 

Muscle 

1040 

3500 

0.60 

3488 

Eyeball 

1010 

3900 

0.50 

0 

Fat 

920 

2300 

0.22 

816 

Skin 

1010 

3500 

0.50 

8652 

hi j 

10.5  [W/m3 

!  .1C] 

hb 

50  [W/m2  ■ 

1C] 
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The  temperature-rise  due  to  the  EM  field  expo¬ 
sure  from  portable  telephones  was  obtained  from  the 
difference  between  the  temperature  T(x,y,z,t)  and 
T(x,  y,  z,  0)  where  T(x,  y,  z,  0)  is  the  normal  temper¬ 
ature  distribution  in  the  unexposed  head  (with  SAR 
=  0)  at  thermal  equilibrium. 

3  NUMERICAL  RESULTS  AND 
DISCUSSION 

For  the  computation  of  temperature-rise  due  to 
portable  telephones,  two  source  geometries,  denoted 
by  NE  and  PE  (NE  is  short  for  normal  ear  and  PE 
for  pressed  ear),  were  considered.  The  NE  geometry 
represented  a  normal  position  of  a  portable  telephone 
in  ordinary  use.  A  separation  of  1.5  cm  between  the 
monopole  antenna  and  the  head  was  considered.  The 
PE  geometry  represented  a  more  practical  use  of  a 
portable  telephone.  The  ear  was  pressed  by  the  tele¬ 
phone  so  that  the  shape  of  the  ear  was  changed.  Both 
of  the  two  source  geometries  had  a  vertical  alignment 
at  the  side  of  the  head  by  the  ear.  The  hand  holding 
the  portable  telephone  was  removed  here  for  consid¬ 
ering  a  worst  case  of  temperature-rise. 

3.1  Transient  Temperature-Rise 

In  the  practical  use  of  portable  telephones,  the 
steady-state  temperature-rise  may  not  give  a  realistic 
picture  of  the  temperature-rise  distribution  within 
the  head  since  the  communicate  time  by  portable 
telephone  is  generally  not  so  long.  So  it  is  infor¬ 
mative  to  consider  how  quickly  the  temperature  in 
the  head  is  elevated.  Figure  2  shows  the  transient 
peak  temperature-rise  in  the  ear,  brain  and  eye.  It 
is  found  that  the  peak  temperature-rises  for  all  of 
them  increase  exponentially  with  time.  The  temper¬ 
atures  increase  rapidly  over  the  first  6  ~  7  minutes, 
and  the  rate  of  temperature-rise  then  slows  down  and 
the  steady-state  is  achieved  after  approximately  30 
minutes  of  exposure.  A  communicate  time  of  3  min¬ 
utes  yields  temperature-rises  over  60%  of  the  steady- 
state  value,  and  a  communicate  time  of  6  ~  7  min¬ 
utes  yields  temperature-rises  of  approximately  90% 
of  the  steady-state  value.  It  is  known  that  the  ther¬ 
mal  time  constant,  obtained  from  the  cross  point  of 
the  tangent  line  of  temperature-rise  curve  and  the 
steady-state  value,  for  human,  is  approximately  over 
6  minutes.  For  our  present  computation,  the  ther¬ 
mal  time  constants  for  all  of  tissues  are  verified  to  be 
approximately  between  6  and  8  minutes.  This  fact 
provides  a  ground  for  the  reliability  of  our  tempera¬ 
ture  computation. 

3.2  Steady-State  Temperature-Rise 

The  steady-state  temperature  computation  pro¬ 
vides  information  on  the  maximum  temperature-rise 
within  the  human  head.  Figure  3  shows  the  com¬ 
puted  temperature-rise  distributions  in  the  steady- 


Fig.2  Transient  temperature-rises  in  the  head. 
The  antenna  output  power  is  1 W. 


state  which  are  observed  in  a  horizontal  cross  sec¬ 
tion  through  the  eyes.  It  can  be  found  that  the 
temperature-rise  distributions  are  similar  to  the  SAR 
ones  and  the  peak  temperature-rises-  occur  in  the 
region  of  ear  close  to  the  portable  telephone.  Fig¬ 
ure  4  shows  the  one-gram-averaged  and  ten-gram- 
averaged  peak  SARs,  and  Figure  5  shows  the  peak 
temperature-rises  for  the  whole  head  and  brain. 
With  an  antenna  output  power  of  1  W,  the  maxi¬ 
mum  temperature-rises  of  0.22  °C  for  NE  geometry 
and  0.33  °C  for  PE  geometry  have  been  observed  at 
900MHz.  All  of  them  occur  in  the  ear  region. 

For  the  brain  which  has  the  largest  blood  flow  rate 
in  the  head,  the  maximum  temperature-rises  are  0.16 
°C  at  900  MHz  for  PE  geometry  with  an  antenna 
output  of  1  W.  They  are  located  at  the  outward  ap¬ 
pearance  of  the  brain  close  to  the  telephone.  With 
deepening  into  the  brain  tissue,  the  temperature-rise 
slows  rapidly  down.  Anderson  and  Joyner  have  cal¬ 
culated  the  maximum  temperature-rise  in  the  brain 
using  a  perfusion  model  in  which  the  effect  of  heat 
conduction  was  lumped  with  the  heat-exchanger  ef¬ 
fect  of  blood  perfusion  in  a  single  heat  sink  term 
[9].  They  gave  a  maximum  temperature-rise  of  0.034 
°C  in  the  brain  for  a  measured  localized  one-gram- 
averaged  SAR  of  0.83  W/kg  at  835  MHz.  For  the 
same  localized  SAR  value,  scaling  our  results  at  900 
MHz  can  obtain  the  maximum  temperature-rises  of 
0.041  °C  ~  0.046  °C  in  the  brain.  For  an  uncontrolled 
environment,  application  of  the  ANSI/IEEE  safety 
guidelines  restricting  the  one-gram-averaged  peak 
SAR  to  1 .6  W/kg  results  in  a  maximum  temperature- 
rise  in  the  brain  of  0.05  °C,  and  application  of  the 
ICNIRP/Japan  safety  guidelines  restricting  the  ten- 
gram-averaged  peak  SAR  to  2  W/kg  results  in  a 
maximum  temperature-rise  in  the  brain  of  0.10  °C 
at  900  MHz.  These  values  have  a  safety  margin  of 
at  least  35  relative  to  a  temperature-rise  threshold  of 
3.5  °C  which  is  considered  not  to  cause  physiological 
damage  to  the  brain. 

4  CONCLUSION 

Temperature-rises  in  the  human  head  for  portable 
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(a)  NE  geometry  (b)  PE  geometry 

Fig.3  Temperature-rise  distributions  in  a  horizontal 
cross  section  through  the  eyes  for  a  900  MHz  portable 
telephone  with  an  antenna  output  of  1  W. 


Fig.4  Localized  SARs.  (a)  one-gram-averaged  SAR  in 
the  whole  head,  (b)  ten-gram-averaged  SAR  in  the  whole 
head,  (c)  one-gram-averaged  SAR  in  the  brain,  (d)  ten 
-gram-averaged  SAR  in  the  brain.  The  antenna  output 
power  is  1W. 


0.4 


Fig.5  Peak  temperature-rises  (a)  in  the  whole  head, 

(b)  in  the  brain.  The  antenna  output  power  is  1 W. 

telephones  have  been  computed  using  the  FDTD 
method  with  an  anatomically  based  human  head 
model.  Computed  results  show  that,  for  an  uncon¬ 
trolled  environment,  application  of  the  ANSI/IEEE 
safety  guidelines  restricting  the  one-gram-averaged 
peak  SAR  to  1.6  W/kg  results  in  a  maximum 
temperature-rise  in  the  brain  of  0.05  °C,  and  applica¬ 
tion  of  the  ICNIRP/Japan  safety  guidelines  restrict¬ 
ing  the  ten-gram-averaged  peak  SAR  to  2  W /kg  re¬ 
sults  in  a  maximum  temperature-rise  in  the  brain  of 
0.10  °C  at  900  MHz.  Further  works  are  required  for 
experimental  evaluation. 
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Abstract  -  Intensive  development  of  cellular  personal 
communications  system  has  been  observed  lately.  Thus, 
protection  of  a  man,  and  especially  protection  of  his 
head  against  non-ionizing  electromagnetic  radiation 
generated  by  cellular  telephones  is  becoming  one  of  the 
most  important  problems.  The  results  of  elaborated 
microstrip  antennas  which  have  minimized  radiation 
towards  the  user’s  head  are  presented  in  this  paper. 

1.  INTRODUCTION 

In  portable  cellular  personal  communication  devices 
which  are  used  at  present,  a  considerable  part  of 
radiation  energy  (  up  to  30  %)  is  absorbed  by  the  user’s 
head.  It  may  have  a  harmful  effect  on  his  health. 


•  limitation  to  the  necessary  minimum  of 
electromagnetic  fields  power  emitted  towards 
the  user’s  head 

•  limitation  of  the  time  for  people  staying  in  these 
electromagnetic  fields. 

The  second  principle  that  is,  the  length  of  a  telephone 
call  time,  depends  mainly  on  the  speaker  itself. 

The  first  principle  concerning  the  limitation  of 
electromagnetic  power  absorbed  the  user’s  head  may  be 
based  on  changing  of  the  radiation  pattern  which  can 
be  obtained  by  using  a  new  type  of  antenna.  The 
quarter-wave  dipole  which  has  been  used  so  far,  has  an 

omnidirectional  pattern  ( plane  H ). 

2.  REQUIREMENTS  FOR  THE  ANTENNA 
RADIATION  PATTERN 


Fig.l.  Omnidirectional  handset  antenna  radiation 
patterns 


Therefore,  protection  of  a  man  against  the  radiation 
of  radio  communications  system  is  an  important 
problem.  Protection  from  this  radiation  may  by  carried 
out  on  the  basis  of  two  principles: 


Actually,  there  is  lack  of  formal  requirements  (or 
practically  implemented  solutions)  for  the  desired 
radiation  pattern.  The  matter  is  complicated  by  the  fact 
that  the  user’s  head  is  in  the  area  of  the  near  zone 
antenna.  Therefore,  it  is  necessary  to  find  a 
compromise  between  the  requirements  for  the 
availability  of  signals  received  by  the  antenna  from  all 
directions  on  the  one  hand  ,  and  the  protection  of  a 
human  head  from  radiation  on  the  other  hand. 


head 

protection 

angle 


Fig.l.  Ideal  radiation  pattern  (horizontal  plane) 
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The  elaborated  microstrip  antennas  on  the 
multilayer  dielectric  which  realise  the  dipole  and  path 
pattern  ( fig  4,  5  and  7)  are  presented  in  this  paper. 

We  assume  that  the  radiation  pattern  in  the  plane 

H  should  be  defined  as  it  is  shown  in  fig.2,  and  the 
space  pattern  as  in  fig.3.  It  is  assumed  that  in  the 

vector  of  H  plane  the  radiation  level  in  the  whole 
area,  except  the  area  defined  by  the  head  protection 
angle  within  the  range  of  360°,  should  be  uniform.  The 
problem  of  reverse  radiation  in  disputable. 


Fig.. 3.  Requirements  for  antenna  radiation  pattern 

On  the  one  hand  it  is  necessary  to  receive  the 
signals  emitted  by  a  base  station  located  in  the  operator 
head  direction,  but  then  the  human  head,  especially 
some  of  its  elements  like  bones,  brain  and  skin  which 
are  characterized  by  high  level  of  thermal  conductivity 
(14.6,  8.05,  4.42  mW/cm2oC  respectively),  should  be 
exposed  to  transmitter  radiation  with  minimal  radiation 
power. 

The  radiation  pattern  shown  in  fig.2  and  3  has  been 
accepted  for  practical  analyses  of  the  designed  antenna 
systems. 

3.  MODELLING  OF  MICROSTRIP  ANTENNAS 

The  thorough  analysis  of  microstrip  antennas 
which  takes  into  account  the  structure  of  the  layer  and 
which  is  true  for  each  frequency,  is  based  on  Green 
function  and  on  moment  method.  This  method  is  based 
on  solving  the  integral  equation  which  concerns  the 
electric  field  generated  by  the  currents  flowing  in  the 
antennas  elements  and  its  feeding  systems.  These 
currents  are  unknown.  We  simulate  the  flow  of 
inducted  current  by  means  of  distribution  for  base  and 
test  currents,  next  we  test  their  mutual  reaction  by 
means  of  these  functions.  According  to  [L-8.7]  the 
reaction  has  the  form  of: 


n 

(1) 

The  unlimited  sequence  of  these  functions  is 
necessary  for  exact  solution.  We  assume  the  limited 
number  of  these  functions  and,  thus  we  obtain 
approximate  solution.  The  mutual  reaction  of  the  whole 
analysed  system  can  be  expressed  in  the  form  of 
a  matrix  equation: 

(2) 

By  solving  this  equation  we  define  the  distribution 
of  the  currents  flowing  along  the  analysed  structure  on 
condition  that  we  have  defined  the  elements  of  general 
matrix  impedance,  which  in  our  case  has  the  form  of: 

z- = ■MM-',  wl}2  ■  (3) 

c°s[£,  (xm -*„)]•  cos[ky  (ym  -  yn  )dkxdky 
where: 

Fourier  transform  of  Green 
function 

4a>(*,)]  -  Fourier  transform  of  base 

current 

xn,yn,xm,ym-  respectively,  the  coordinates 
of  the  means  of  base  and 
testing  functions. 

With  the  defined  current  distribution  we  can 
express  the  radiation  pattern  in  the  dipole  plane  by  the 
following  equation: 

%0  =  I>.[£(7.)]  <4> 

n=l 

where: 

In  -  coefficient  of  current  distribution 

The  microstrip  antennas  patterns  (presented  in  fig. 
9a,  10a,)  have  been  calculated  on  the  basis  of  these 
relationships 

4.  MICROSTRIP  DIPOLE  ANTENNA 

Microstrip  dipole  antenna  has  been  designed 
for  GSM  hand-held  unit  which  operates  at  900  MHz 
band.  It  can  also  be  easily  implemented  for  DCS  system 
which  operates  at  1 800  MHz. 

The  structure  of  the  dipole  antenna  with  coaxial  feeding 
is  presented  in  figure  4.  The  microstrip  dipole  radiator 
is  excited  by  the  microstrip  resonator  which  is  coupled 
with  the  handset  input.  There  are  two  possibilities  of 
feeding  the  dipole  antenna  i.e.  using  coaxial  feedline 
(fig.4)  or  unsymmetrical  stripline  -  USL  (fig.5). 
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Fig.4.  Microstrip  dipole  antenna  with  coaxial  feedline 
Typically,  the  microstrip  radiator  is  excited 
directly  from  the  feedline  when  USL  is  used  for  feeding 
the  antenna,  as  it  is  shown  in  figure  5. 


Fig. 5.  Microstrip  antenna  with  unsymmetrical  stripline 


The  multilayer  technology  used  for  dipole 
antennas  is  described  here.  This  structure  was  selected 
to  obtain  the  necessary  bandwidth  of  the  antennas 
(about  10%)  which  is  necessary  for  GSM  application. 


a. 


-half- wave 
dipole 


ground  plane 


feedline 


Taking  into  account  the  requirements  for  the 
small  size  antenna  for  GSM  application,  two  types  of 
multilayer  microstrip  dipole  antennas  were 
manufactured  and  tested  i.e.  : 

•  open-circuit  half-wave  dipole, 

•  short-circuit  quarter-wave  dipole. 

The  structure  of  these  antennas  is  presented  in  figure  6. 
Special  attention  should  be  paid  to  a  quarter-wave 
dipole  antenna  due  to  its  size  which  is  especially 
important  for  900  MHz  band  application.  This  antenna 
is  approximately  half  the  size  of  the  half-wave  antenna. 
It  can  be  expected  that  the  radiation  pattern  of  a 
quarter-wave  antenna  in  the  E-plane  may  be  sufficiently 
wide  to  achieve  the  optimal  values  of  the  antenna 
parameters  antennas 

5.  MICROSTRIP  PATCH  ANTENNA 

The  application  of  a  patch  antenna  for  mobile 
communications  is  possible  when  higher  frequency 
bands  are  considered  (e.g.  f  >  1  GHz).  The  structure  of 
a  multilayer  microstrip  patch  antenna  is  presented  in 
figure  7.  The  upper  rectangular  patch  radiator  of  L  in 
length  and  W  in  width  is  excited  by  a  slot  placed  on  the 
upper  side  of  the  lower  layer  of  the  antenna.  This  slot  is 
coupled  with  unsymmetrical  feedline.  The  dimensions 
L  and  W  as  well  as  the  slot  location  were  selected 
empirically  in  accordance  with  the  bandwidth  criterion. 


Fig.7.  Structure  of  patch  microstrip  antenna 

Next  we  optimize  the  dimensions  of  the  patch 
that  is  its  resonance  length  and  the  length  of  the  slot  in 
order  to  make  the  real  part  of  the  input  impedance  and 
the  wave  impedance  of  the  feeding  line  equal.  In  case 
of  a  multilayer  structure  the  process  of  designing  is 
more  complicated  due  to  greater  manipulation  freedom. 
The  requirements  for  a  small  size  of  a  handset  antenna 
makes  this  structure  effective  at  a  higher  frequency 
band  (e.g.  for  DCS  1 800  system). 


Fig.  6.  Half-wave  (a)  and  quarter-wave  (b)  dipole 
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6.  MEASUREMENTS  RESULTS 
The  construction  of  a  microstrip  antenna  on  a 
multilayer  dielectric  is  presented  in  fig.8. 


Fig.. 8.  Microstrip  dipole  antenna  with  GSM  handset 
The  empirical  verification  of  dipole  and  patch 
microstrip  antennas  characteristics  was  performed. 

Measurements  were  made  in  free  space  and  in 
user  presence  to  investigate  the  influence  of  handset 
antenna  radiation  on  the  user’s  head.  During  the 
experiments  the  user  was  standing  on  a  rotary  platform 
and  was  holding  a  GSM  handset  at  45°  to  the  ground. 
Some  results  of  quarter-wave  dipole  antenna 
measurements  are  presented  in  figure  10  i.e.:  standing 
wave  ratio,  radiation  pattern  in  free  space.  The 
similarly  measured  characteristics  of  microstrip  patch 
antenna  are  presented  in  figure  9. 


a.  Radiation  pattern  in  free  space 
b.  Theoretical  characteristic 


c.  Standing  wave  ratio 
Rys.9.  Patch  antenna  measurements  results 


a.  Radiation  pattern  in  free  space 

b.  Theoretical  characteristic 


c.  Radiation  pattern  with  man  presence 


I  [MHz] 

d.  Standing  wave  ratio  measurement  results 
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7.  CONCLUSION 

Two  types  of  microstrip  antennas  for  mobile 
communications  were  presented  in  the  paper.  The 
experimental  results  showed  that  a  compromise 
between  the  requirements  for  radiation  pattern  and  the 
protection  of  human  head  from  this  radiation  is 
possible.  Both  antenna  have  the  reduced  radiation 
towards  handset  operator  head  and  they  ensure  reliable 
communication  regardless  of  the  antenna  orientation. 
Dipole  antenna  is  preferable  to  GSM  900  applications 
while  patch  antenna  may  be  used  effectively  when 
cellular  system  operates  at  the  frequencies  above  1 
GHz. 
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The  problem  of  crosstalk  reduction  is  considered. 
The  possibility  of  far-end  crosstalk  compensation  in 
cascaded  sections  of  coupled  inverted  microstrip  lines 
and  coupled  suspended  microstrip  lines  of  double¬ 
layered  dielectric  PCB  is  shown.  Computer  simulations 
of  capacitive  and  inductive  couplings  and  of  far-end 
crosstalk  waveform  are  performed  to  show  an  effect  of 
complete  far-end  crosstalk  compensation. 

1.  INTRODUCTION 

The  crosstalk  reduction  problem  becomes  one  of 
most  important  an  internal  EMC  problems  being  an  ob¬ 
struction  for  development  of  high-speed  and  high  den¬ 
sity  digital  electronic  equipment.  Particularly,  the  prob¬ 
lem  is  very  actual  for  PCBs  with  the  long  interconnects 
in  nonhomogeneous  dielectric  filling.  In  this  case,  the 
magnitude  of  crosstalk  at  the  far  end  of  passive  line  may 
be  much  more  than  at  the  near  end,  as  shown,  for  exam¬ 
ple,  in  well  known  paper  [1], 

The  far-end  crosstalk  may  be  reduced  by  wider  sepa¬ 
ration  of  coupled  interconnects  that  is  often  impossible 
in  case  of  high  density  interconnects.  Another  way  con¬ 
sists  in  the  placing  of  additional  grounded  traces  be¬ 
tween  coupled  interconnects,  but  it  has  the  same  draw¬ 
back  and,  moreover,  as  shown  in  [1],  sometimes  has  the 
negative  effect.  In  [2]  the  crosstalk  in  double-layered 
dielectric  PCB  with  interconnects  formed  by  suspended 
and  inverted  microstrip  lines  was  considered  and  it  was 
shown  particularly  that  the  far-end  crosstalk  in  coupled 
pairs  of  the  lines  may  be  eliminated.  An  advantage  of 
the  way  is  that  the  elimination  is  forceful  for  arbitrary 
length  of  coupled  lines,  because  the  capacitive  and  in¬ 
ductive  couplings  in  the  lines  are  equalized,  but  unfor¬ 
tunately  it  takes  place  only  for  certain  choice  of  dielec¬ 
tric  parameters  of  suspended  line  or  inverted  line. 

The  aim  of  this  paper  is  to  show  an  additional  possi¬ 
bility  for  reduction  of  far-end  crosstalk  in  interconnects 
of  double-layered  dielectric  PCB. 

2.  THE  PROPOSED  METHOD 

First  of  all,  it  would  be  noted  that  we  shell  consider 
here  the  cases  of  two  coupled  lines  only,  assuming  |pr 
simplicity  that  the  influence  of  other  conductors  is  neg¬ 


ligible.  The  main  idea  of  the  proposed  method  consists 
in  the  following. 

As  shown  in  [3,  4],  the  capacitive  coupling  of  sus¬ 
pended  or  inverted  microstrip  lines  may- be  more  than, 
less  than  or  equal  to  the  inductive  coupling  in  accor¬ 
dance  with  parameters  of  the  lines.  (Note  that  the  ca¬ 
pacitive  coupling  of  usual  microstrip  line  is  always  less 
than  the  inductive  coupling  for  any  parameters  of  the 
line.)  Therefore,  the  far-end  crosstalk  being  approxi¬ 
mately  proportional  to  the  difference  of  capacitive  and 
inductive  couplings  will  have  positive  or  negative  po¬ 
larity  in  accordance  with  parameters  and  type  of  the 
lines. 

It  is  well  known  that  for  real  PCB’s  layout  the  inter¬ 
connects  of  neighboring  signal  layers  are  passed  or¬ 
thogonal  so  that  a  long  interconnect  consists,  as  a  rule, 
of  two,  three  or  more  cascaded  sections  of  lines  con¬ 
nected  through  via  with  each  other.  For  double-layered 
dielectric  PCB  a  high-speed  signal  propagates,  for  ex¬ 
ample,  from  driving  output  along  inverted  microstrip 
line  and  then  through  via  along  suspended  microstrip 
line  to  receiving  input.  For  considered  case  of  coupled 
interconnects  it  is  obvious  to  assume  the  following.  If 
the  difference  of  capacitive  and  inductive  couplings  in 
one  section  has  a  sign  which  is  opposite  to  the  differ¬ 
ence  of  capacitive  and  inductive  couplings  in  other  sec¬ 
tion,  the  partial  or  complete  compensation  of  far-end 
crosstalk  is  possible.  To  test  this  assumption  the  com¬ 
puter  simulations  of  capacitive  and  inductive  couplings 
and  of  far-end  crosstalk  waveform  are  performed  for 
structure  shown  in  Fig.  1. 


Fig.  1.  Cascaded  sections  of  coupled  lines 


3.  COMPUTER  SIMULATION  OF 
CAPACITIVE  AND  INDUCTIVE 
COUPLINGS 
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crosstalk  of  suspended  lines  by  far-end  crosstalk  of  in¬ 
verted  lines  will  take  place,  resulting  in  change  of  po¬ 
larity  of  resulting  far-end  crosstalk. 


First  of  all,  the  per  unit  length  matrixes  of  capacitive 
coefficients  [C]  (in  real  dielectric  filling),  [CO]  (in  air) 
and  inductive  coefficients  [L]  are  calculated  for  both 
lines  by  program  based  on  two-dimensional  method  of 
moments  and  described  in  [3,  4].  The  relative  dielectric 
permittivities  of  the  first  and  of  the  second  (from  a 
ground  plane)  dielectric  layers  are  8^=2  and  8^=5,  ac¬ 
cordingly.  An  external  dielectric  is  air.  The  relative 
permeabilities  of  all  dielectrics  are  equal  to  unit.  All 
strips  have  the  same  thickness  (T)  and  the  same  width 
(W).  These  T  and  W  are  such  that  T/W=0.1.  A  distance 
between  internal  sides  of  coupled  strips  (S)  and  a  dis¬ 
tance  from  external  sides  of  strips  accounted  for  in  cal¬ 
culations  (D)  are  equal  to  W.  The  heights  of  the  first  and 
of  the  second  dielectric  layers  (Hji  and  H^)  are  such 
that  Hdj/W^.5  and  Hd2/W=0.01,...,l. 

Then,  using  the  calculated  elements  of  matrixes  [C] 
and  [CO]  a  capacitive  coupling  (Kc)  and  an  inductive 
coupling  (Kl)  are  obtained  accordingly  by  following 
formulae. 


KC  = 


(1) 


A  difference  (Kc-KL)  of  capacitive  and  inductive 
couplings  as  a  function  of  height  of  the  second  dielectric 
layer  relative  to  width  of  strip  (IId2/W)  is  shown  in  Fig. 
2  for  both  lines.  Note  that  in  Hd2/W=0.09  the  value  of 
function  for  inverted  line  changes  a  sign,  while  in 
Hd2/W=0.28  the  values  of  both  functions  have  the  same 
magnitudes  and  opposite  signs.  According  to  proposed 
method  of  far-end  crosstalk  reduction  it  may  be  sup¬ 
posed  the  following. 

For  structure  shown  in  Fig.  1  and  consisting  of  two 
the  same  sections  of  coupled  inverted  and  coupled  sus¬ 
pended  lines,  the  resultant  value  of  far-end  crosstalk  is 
proportional  to  a  sum  of  contributions  of  inverted  and 
suspended  lines.  Each  of  these  contributions  in  turn  is 
proportional  to  value  (Kc-KL)  of  corresponding  line. 
Therefore  (see  Fig.  2),  when  rising  H^/W  from  0.01  to 
0.09  the  resultant  value  of  far-end  crosstalk  will  de¬ 
crease  due  to  the  contributions  of  both  lines  are  de¬ 
creasing.  However,  in  Hd2AV=0.09  the  contribution  of 
inverted  line  becomes  minimal.  When  rising  Hd2/W 
from  0.09  to  0.28  the  resultant  value  of  far-end  crosstalk 
will  decrease  due  to  the  contribution  of  suspended  lines 
is  slowly  decreasing,  but  mainly  due  to  the  contribution 
of  inverted  lines  is  increasing  with  opposite  sign.  Here 
the  phenomenon  of  partial  compensation  of  far-end 
crosstalk  of  suspended  lines  by  far-end  crosstalk  of  in¬ 
verted  lines  will  take  place,  while  approximately  in 
11(12^=0.28  an  effect  of  complete  compensation  of  far- 
end  crosstalk  would  be  observed.  When  rising  Hd2/W 
from  0.28  to  1  the  resultant  value  of  far-end  crosstalk 
will  increase  due  to  the  contribution  of  suspended  lines 
are  slowly  decreasing,  but  mainly  due  to  the  contribu¬ 
tion  of  inverted  lines  are  increasing  with  opposite  sign. 
Here  the  phenomenon  of  overcompensation  of  far-end 


Fig.  2.  The  difference  of  capacitive  and  inductive 
couplings  for  considered  lines 

4.  COMPUTER  SIMULATION  OF 
CROSSTALK  WAVEFORMS 

To  test  the  analysis  of  far-end  crosstalk's  behavior 
with  change  of  Hd2/W  a  computer  simulation  of  far-end 
crosstalk  waveform  is  performed.  The  even-  and  odd¬ 
mode  method  used  in  [5]  is  applied  for  case  of  cascaded 
sections  of  coupled  lines  shown  in  Fig.  1.  The  far-end 
crosstalk  may  be  obtained  using  the  following  formula 
from  [5] 

Vf(t)=|(v^(t)-V«(t)),  (2) 

6  O 

where  VT  (t)  and  VT  (t)  are  the  transmitted  signals  cal¬ 
culated  for  case  of  single  lines  of  the  considered  struc¬ 
ture  with  parameters  of  even  mode  and  odd  mode,  ac¬ 
cordingly. 

A  simplified  equivalent  circuit  for  case  of  single 
lines  of  the  considered  structure  may  be  presented  as 
shown  in  Fig.  3,  where  Yq,  Yi,  Y2,  Y3  and  To,  t!5  t2,  t3 
are  the  characteristic  admittances  and  total  signal  delays 
of  lines'  sections,  while  Cd  is  equivalent  lumped  ca¬ 
pacitance  of  discontinuity. 


Yo,t0  Y|,T, 

Y2,t2 

Y3,t3 

Vin(t)  =j 

=cd 

VT(t) 

Fig.  3.  A  simplified  equivalent  circuit  of  cascaded 
sections  of  single  lines. 

For  this  circuit,  using  inverse  Laplace  transform  the 
analytic  expressions  have  been  obtained  recently  by 
authors  for  transient  response  on  ramp  input  signal 
Vin(t)  =  (Vin0  / tr  )[tU(t)~  (t  -  tr  )U(t  -  tr )] ,  where 
U(t)  is  a  step  function,  and  Vino  and  tr  are  the  mag- 


355 


nitude  and  the  rise  time  of  the  ramp  step  input.  A  de¬ 
tailed  derivation  of  the  expressions  is  presented  in  [6]. 
An  expression  for  transmitted  signal  used  here  for  cal¬ 
culation  of  far-end  crosstalk  by  (2)  is  the  following. 
VT(t)  =  (Vino/tr)T10T32 
■(d,/a|){R(U|(t-(T1  +  T2))) 

-  riq[R.(l,a,(t  —  (3t,  +  t2))) 

-  (1  +  a2  /a,)R(2,a](t  -  (3x,  +  x2)))] 
-ra[R(lfa,(t-(T,+3T2))) 

-  (1  -  a2  /a,  )R(2,a((t  -  (x,  +  3x2 )))] 

+  rio^d^ai  2R(3,a1(t-3(x1 +x2)))},  (3) 

where 


T,  -  2Y0  -T  -  2Y2 

Yo+Y,’  32  Y2+Y3 


Y0+Y, 

Y,  +Y2 

al=-'>  >a2 

cd 


Y2  +  Y3 
Yt-Y2 

Cd 


culations,  for  example,  by  method  of  moments  and  is 
not  in  scope  of  this  paper.  Therefore,  in  order  to  mini¬ 
mize  an  influence  of  capacitive  discontinuity,  we  as¬ 
sume  Cd=0.01  pF  for  both  modes.  At  last,  the  lengths  of 
lines’  sections  is  assumed  here  the  same  (f=100  mm)  in 
order  not  to  consider  in  this  paper  their  influence  on  far- 
end  crosstalk  compensation.  The  magnitude  of  the  ramp 
input  VjnQ  =10  V  and  the  rise  time  tr  =10  ps. 

Far-end  crosstalk  waveform  was  calculated  for  a 
number  of  values  of  H^/W.  A  phenomenon  of  far-end 
crosstalk  compensation  is  observed  clearly  from  plots  of 
these  waveforms.  Three  examples  of  the  plots  are 
shown  in  Fig.  4.  The  first  plot  (a)  calculated  for 
Hd2/W=0.01  demonstrates  the  high  negative  magnitude 
of  far-end  crosstalk.  An  effect  of  complete  far-end 
crosstalk  compensation  is  observed  clearly  in  the  second 
plot  (b)  calculated  for  IWW=0.28.  The  third  plot  (c) 
calculated  for  Hd2/W=l  demonstrates  the  high  positive 
magnitude  of  far-end  crosstalk,  taking  place  due  to  the 
overcompensation  of  far-end  crosstalk.  An  increasing 
mismatching  between  the  lines'  sections  and  at  the  ter¬ 
minations  is  observed  also. 


where 


2^2 
Cd  ’ 


(7) 


R(n,x)  =  (l/a1)[xP(n,x)-xrP(n,xr)] 


(n  la\ )[P(n  +  l,x)  -  P(n  +  l,xr )], 

(8) 

-1 

-2 

n  f  It 

-3 

/  \  n  ' vK 

PM-l-e-'E* 

k=0  K! 

(9) 

-4 

-5 

xr  =  x-a!tr. 

(10) 

-6 

The  even-  and  odd-  mode  characteristic  admittance 


a) 
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and  total  signal  delay  for  sections  of  coupled  inverted 
lines  and  coupled  suspended  lines  are  obtained  from 
calculated  (see  paragraph  3)  elements  of  [C]  and  [CO] 
matrixes  by  following  formulae. 


where 

Ce  =C,  |  +C21  ;C°  =C,j -C21,  (i3) 

C0e  =  C0j  |  +  C02 1 ;  C0°  =  C0(  j  -  C02  j ,  (14) 

c  —  speed  of  light  in  vacuum, 
t  —  the  length  of  section  of  according  line. 

5.  RESULTS  OF  WAVEFORMS' 
CALCULATIONS 

The  parameters  of  first  and  last  sections  representing 
the  terminating  sections  of  matched  lines  or  driving  out¬ 
put  and  receiving  input  (xo=0  and  x3=0)  are  the  same  for 


both  modes  accordingly.  In  order  to  minimize  an  influ-  500  1500  2500 

ence  of  lines’  mismatching,  the  both  terminations  were 


assumed  50  Ohms.  A  strict  accounting  for  the  value  of 

capacitive  discontinuity  for  both  modes  demands  a  Fig-  4.  The  far-end  crosstalk  waveforms  (in  Volts)  for 
comprehensive  three  dimensional  electrostatic  field  cal-  Hj2/W=:  0.01  (a);  0.28  (b);l  (c). 
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In  conclusion  it  would  be  noted  the  following.  A 
waveform  calculated  by  (3)  consists  of  the  traveling 
wave  and  the  terms  undergoing  two  reflections  before 
coming  to  the  output,  while  the  terms  undergoing  four, 
six  and  more  reflections  are  not  accounted  for.  It  was 
shown  in  [7,  8]  for  periodic  structures  with  large  num¬ 
ber  of  sections  that  for  cases  with  large  difference  of  the 
characteristic  admittances  and  moreover  of  the  total 
delays  in  different  line  sections  the  contributions  of  the 
terms  not  accounted  for  may  be  very  significant.  There¬ 
fore,  the  presented  formula  is  accurate  for  almost 
matched  cases,  for  example,  for  estimation  of  effect  of 
admittance  tolerance  on  the  signal  waveforms,  while  in 
other  cases  the  accounting  for  the  additional  terms  of 
the  signal  may  be  necessary. 

However,  it  is  seen  clearly  that  for  plots  of  Fig.  4  the 
main  component  of  far-end  crosstalk  coming  to  output 
at  time  (t1+t2«1000  ps)  is  specified  by  traveling  wave 
only,  while  the  other  components  of  the  waveform 
specified  by  terms  undergoing  two  reflections  come  to 
output  later  and  are  negligible. 
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The  introduction  of  severe  Electromagnetic 
Compatibility  international  standards  had  as  a  result 
the  interest  of  manufacturers  of  electronic  systems  on 
optimizing  their  products,  in  most  of  cases  Printed 
Circuit  Boards,  before  the  compliance  tests.  In  this 
paper  we  present  the  validation  of  a  hybrid  approach 
aimed  at  predicting  radiated  emissions  due  to 
differential  mode  currents  on  boards  traces  and 
common  mode  currents  flowing  through  attached 
cables. 

1.  INTRODUCTION 

The  introduction  of  severe  international  standards  in 
the  field  of  Electromagnetic  Compatibility  (EMC)  in  the 
last  years  had  as  result  an  increasing  interest  for 
computing  the  radiated  electromagnetic  fields  from 
electronic  products.  In  fact  the  manufacturers  of 
electronic  systems  are  interested  in  optimizing  from 
EMC  point  of  view  their  products  before  arriving  to  the 
compliance  tests  in  order  to  reduce  time  to  market  and 
contain  the  costs.  In  most  of  the  cases  the  electronic 
products  are  composed  of  Printed  Circuit  Boards 
(PCBs)  and  connection  cables.  The  possibility  of  having 
a  fast  and  reliable  estimation  of  the  radiated  field  of  a 
PCB  at  design  level  is  highly  desirable. 

In  the  first  part  of  this  paper,  a  numerical  hybrid 
method  is  presented.  It  associates  analytical  techniques 
and  numerical  methods  to  predict  the  emissions  radiated 
by  differential  mode  currents  on  PCB  traces  and 
common  mode  currents  flowing  on  attached  cables. 

In  the  second  part  an  experimental  validation  using  a 
specific  test  board  is  proposed.  It  permits  to  appreciate 
the  realism  of  results  and  the  trade-off  with  simulation 
time. 


2.  HYBRID  METHOD  FOR  COMPUTING 
RADIATED  EMISSIONS  (RE)  FROM  PCB  AND 
ATTACHED  CABLES 

First  of  all  the  method  used  to  compute  RE  from 
PCB  traces  is  presented.  Then  the  calculation  of  the 
radiation  of  a  cable  whose  shield  is  attached  to  the  PCB 
ground  plane  is  explained. 

2.1  Green  Dyadic  for  computing  radiation  from 
PCB  traces 

As  dielectric  layers  can  severely  modify  radiation 
patterns  [1],  it  is  important  to  take  into  account  for  each 
microstrip  structure  the  actual  medium  existing  between 
the  metal  plane  and  the  air.  A  possible  way  to  take  into 
account  dielectric  layers  in  the  RE  calculation  is  to  use 
the  dyadic  Green's  function  of  the  actual  PCB  medium. 

The  start  point  is  the  determination  of  the  actual 
current  distribution  along  each  trace.  The  method  just 
needs  the  knowledge  of  voltage  and  current  on  one  of 
the  two  extremities  of  each  rectilinear  trace,  information 
given  by  PRESTO™  environment  [2].  Then  the  current 
waveform  at  any  abscissa  x  on  the  trace  is  determined  by 
means  of  the  Transmission  Line  Theory  (TLT)  assuming 
that  only  the  quasi-Transverse  Electric  Magnetic  (TEM) 
mode  is  present  along  the  trace.  Then,  the  radiated  field 
can  be  calculated  using  dyadic  Green’s  function,  which 
can  be  interpreted  as  a  transfer  function  between  the 
surface  current  distribution  and  the  electric  field. 

With  the  assumption  of  being  in  far  field  conditions, 
the  Green  Dyadic  can  be  substantially  simplified. 
Fortunately  this  particular  condition  applies 
approximately  at  10m  in  the  whole  frequency  range 
(30MHz4-1GHz)  described  in  EN55022  standard  [3] 
used  for  Information  Technology  Equipment  (ITE), 
which  justifies  the  use  of  far  field  Green’s  function. 
Being  difficult  to  directly  calculate  the  electric  field  due 
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to  the  current  density  of  a  segment  buried  in  dielectric 
layers,  the  far  field  method  applies  the  same  current 
source  on  the  observation  point  where  the  EM  field  has 
to  be  calculated  and  exploits  the  theory  of  reciprocity 
[4]  to  transform  the  emission  problem  in  a  susceptibility 
one. 

Then  the  method  assumes  that  the  field  arriving  at 
the  air/dielectric  interface  is  a  plane  wave  which  can  be 
divided  into  two  components,  the  transverse  electric 
(TE)  and  transverse  magnetic  (TM)  modes.  With  the 
use  of  Modal  analogy,  Transmission  Line  Theory  (TLT) 
can  be  then  applied  to  the  propagation  of  these  two 
modes  in  the  embedded  microstrip  structure  and  two 
transfer  functions  are  produced  for  the  actual  medium 
between  the  metal  plane  and  the  air. 

2.2  An  hybrid  method  for  computing  radiation  from 
common  mode  currents  on  an  attached  cable 

The  finite  dimension  of  the  PCB  local  ground  plane 
and  the  presence  of  the  soil  (ground)  cause  a  Common 
Mode  (CM)  current  flowing  through  the  local  plane 
itself.  If  a  cable  is  attached  to  the  plane,  this  current 
spreads  along  the  cable  too;  the  cable  behaves  like  an 
antenna  and  radiates  a  CM  electromagnetic  field. 

To  model  the  CM  ground  noise,  it  is  necessary  to  take 
into  account  inductive  and  capacitive  couplings  between 
the  PCB  and  the  metal  floor  of  the  chamber. 

The  key  idea  of  the  present  method  is  to  model  the 
common  mode  current  on  the  local  plane  as  an 
equivalent  noise  voltage  source,  depending  on  voltages 
and  currents  on  PCB  traces  [5],  which  stimulates  the 
cable.  Bellow  is  explained  the  algorithm  for  a  trace: 

Noise  voltage  on  the  cable  can  be  seen  as  an  effect  of 
voltage  and  current  on  the  PCB  trace,  respectively 
corresponding  to  a  capacitive  and  an  inductive  term. 

C 

^ noise  ~  r-  K 'track  +  j  0)L  transI lrack 

Ho 

where 

•  C10  models  the  capacitive  coupling  between  local 
PCB  plane  and  metal  floor; 

•  C20  models  the  capacitive  coupling  between  trace 
and  metal  floor; 

•  L^s  is  a  transfer  inductance  depending  on  the 
mutual  inductance  between  the  PCB  local  plane 
and  the  trace. 

Capacitates  are  evaluated  by  the  means  of  Partial 
Element  Equivalent  Circuit  (PEEC)  method  [6].  The 
transfer  inductance  is  calculated  by  the  means  of  a 
closed  form  formula  using  coupled  flux  [7]. 

If  more  traces  are  laying  on  the  PCB  local  plane,  the 
superposition  of  effects  can  be  applied  to  obtain  the 
equivalent  voltage  source. 

This  approach  has  a  fundamental  advantage:  it  allows 
to  separately  analyze  PCB  and  cable  equivalent  circuits, 
through  a  “Thevenin-like”  approach  but  the  coupling  by 
proximity  between  traces  and  cable  is  not  taken  into 
account. 

Once  the  equivalent  noise  voltage  source  has  been 
evaluated,  CM  current  flowing  through  the  cable  can  be 
calculated  applying  TLT  to  the  cable  itself.  It  is  seen  as 


a  Transmission  Line  above  an  infinite  ground  plane  (the 
soil),  with  air  as  dielectric.  This  requires  the  minimum 
involved  wavelength  to  be  greater  than  the  physical 
dimensions  of  the  structure.  The  biggest  involved 
dimension  is  typically  the  height  of  the  PCB  above  the 
soil.  The  model  can  approximately  apply  up  to  about 
300MHz  for  a  PCB  placed  at  0.8m  of  distance  from  the 
soil.  Fortunately  this  limit  corresponds  to  the  maximum 
frequency  for  which  the  RE  due  to  the  cable  is 
predominant  on  the  total  RE  for  most  of  cable  lengths 
used  in  RE  tests  for  ITE  equipment  [3].  The  method  is 
so  used  until  the  maximum  frequency  defined  by  the 
height  of  the  PCB  above  the  soil. 

The  method  calculates  then  the  electromagnetic  field 
radiated  from  CM  current  on  the  cable  taken  into 
account  the  soil  (ground),  seen  as  an  infinite  reference 
plane. 

3.  EXPERIMENTAL  VALIDATION: 

For  the  validation  process  different  test  boards  were 
built.  The  board  A  used  is  this  paper  is  presented  in  the 
figure  1. 

1.9mm 


20cm 


Fig.l:  Board  A:  a  microstrip  with  one  rectilinear  trace. 

The  measurement  were  made  at  the  semianechoic 
chamber  of  CSELT  (Telecom  Research  Center),  Torino 
Italy.  The  facility  allows  to  test  equipment  for  European 
and  International  Standards  for  radiated  emission  (at  10 
meters  in  full  compliance  of  the  ±  4dB  requirements  of 
Normalized  Site  Attenuation  (NSA))  and  immunity.  The 
soil  (ground)  is  now  referred  to  the  metal  plane  of  the 
semianechoic  chamber  The  experimental  validation  is 
divided  in  several  parts.  Each  of  them  is  aimed  to  verify 
a  specific  coupling. 

Firstly  the  Green  Dyadic  formulation  is  verified  using 
Board  A.  Two  types  of  techniques  are  used  to  supply 
the  board,  a  sine  waveform  generator  and  a  digital 
oscillator.  As  it  is  important  to  provide  the  actual 
current  distribution  on  the  traces,  driver  models  are 
firstly  validated  by  the  means  of  comparison  with 
measurements.  In  order  to  cover  a  broad  band  of 
frequencies  and  technologies,  two  oscillators  were  used. 
The  first  one  provides  a  10  MHz  frequency  CMOS 
signal  and  will  be  used  for  the  RE  tests  in  the  low 
frequency  range  (30-f200MHz).  The  second  one 
provides  a  68.8  MHz  frequency  ECL  signal  and  will  be 
used  for  the  RE  tests  in  the  high  frequency  range 
(200MHz-flGHz).  In  order  to  avoid  unwanted 
couplings,  both  oscillators  among  with  powering 
batteries  were  closed  in  a  shielding  box.  The  Green 
Dyadic  formulation  calculates  RE  due  to  differential 


359 


mode  currents  on  PCB  traces.  So  a  metal  plane  of  big 
dimensions  has  been  connected  to  the  ground  plane  of 
board  A  during  the  validations  shown  in  §  3.3  and  3.4  to 
avoid  creating  common  mode  contributions. 

The  emissions  estimation  is  based  on  the  values  of  the 
current  and  voltage  on  the  trace,  so  a  good  model  is 
required  both  for  oscillator  and  PCB.  An  accurate 
model  of  the  trace  and  through  holes  was  developed, 
among  with  a  very  good  model  for  the  oscillator. 

3.1  Model  of  the  ECL  oscillator 

Starting  from  the  measured  static  and  dynamic  output 
characteristics,  we  obtain  the  equivalent  circuit  of  fig.  2. 


z 


(Pv. 


rrr 

Fig.  2:  Equivalent  circuit  of  the  driver. 

V0  is  the  unloaded  output  voltage  of  the  driver.  To 
obtain  the  equivalent  impedance  Z,  both  the  inductive 
and  resistive  effects  have  to  be  modeled.  Impedance  Z 
has  been  described  starting  from  a  Time  Domain 
Reflectometer  (TDR)  characterization  to  obtain  a 
Scattering  S-parameter  in  time  domain. 

An  accurate  model  must  be  guaranteed  also  in  the 
working  zone  with  varying  R;  so  a  unique  TDR 
measure  is  not  in  general  enough  to  provide  the 
complete  model  for  Z.  In  this  particular  case,  the  used 
pull-down  resistor  (about  180Q)  that  guarantees  to 
always  work  in  the  zone  with  constant  R,  and  the  S- 
parameter  is  enough  to  model  the  complete  equivalent 
impedance.  The  dynamic  characteristic  takes  already 
into  account  the  output  resistance.  Fig.  3  shows  the 
comparison  between  the  measured  and  simulated  output 
of  the  ECL  driver  ended  on  a  50Q  resistor  in  the 
frequency  domain.  The  ECL  model  is  valid  up  to  894.4 
MHz  so  it  has  been  used  for  the  RE  tests  in  the  high 


measurement 
^  simulation 


Fig.  3:  Comparison  between  the  measured  and  the 
simulated  output  of  the  ECL  driver  ended  on  a  50Q 
resistor. 


3.2  Model  of  CMOS  oscillator 

A  shielded  10MHz  CMOS  signal  generator  has  been 
modeled  with  the  electrical  circuit  shown  in  fig.  4. 


500 


Fig.  4:  Electrical  Model  of  the  CMOS  driver. 

•  Vout  is  the  measured  unloaded  output  waveform  of 
the  driver. 

•  RoU,  is  the  40  output  resistance; 

•  Cout  is  the  25pF  output  capacitance; 

•  PACK  is  the  model  of  the  package  of  the  integrated 
circuit  and  of  the  connections  inside  the  oscillator 
shielding  box;  it  is  described  through  scattering 
parameters; 

•  CAB  is  the  model  of  the  coaxial  cable  connecting 
the  test  board  to  the  oscillator  connector;  it  is 
described  through  scattering  parameters. 

The  50Q  resistor  models  the  input  impedance  of  the 
measurement  instrument. 

In  the  ECL  oscillator,  CAB  and  PACK  models  were 
included  in  the  Scattering  description  of  Z  impedance. 

In  fig.  5  the  comparison  between  the  measured  and 
simulated  output  of  the  CMOS  driver  ended  on  a  50f2 
resistor  in  the  frequency  domain  is  displayed.  The 
CMOS  model  is  valid  from  30MHz  up  to  about 
450MHz.  So  the  CMOS  oscillator  has  been  used  for  the 
RE  tests  in  the  low  frequency  range  (30-k200MHz). 


Fig.  5:Comparison  between  the  measured  and  the 
simulated  output  of  the  CMOS  driver  ended  on  a  50Q 
resistor. 

3.3  Validation  with  sinusoidal  signals 

The  first  step  of  the  validation  process  consists  in 
the  verification  of  the  Green  Dyadic  formulation  for  the 
estimation  of  the  RE  by  the  tracks  on  the  PCB.  For 
doing  this,  Board  A  was  powered  by  a  sinusoidal 
generator  placed  outside  of  the  chamber,  and  the 
radiated  field  was  measured. 

The  board  was  connected  to  the  generator  via  a  1 5m 
length  cable,  whose  attenuation  was  taken  into  account. 
The  test  board  has  been  vertically  placed  above  the 
floor  of  the  chamber.  The  metal  plane  of  big  dimensions 
has  been  used  as  a  shield  to  limit  RE  from  the  portion  of 
cable  remaining  in  the  chamber.  In  all  the  situations  a 
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preliminary  test  has  been  made  in  order  to  quantify  the 
contribution  of  the  portion  of  cable  on  the  total  radiated 
field:  measurements  have  been  made  with  the  cable  not 
connected  to  the  board,  in  order  to  measure  only  its 
effect.  Measurements  showed  that  the  contribution  of 
the  portion  of  cable  remaining  in  the  chamber  was 
really  negligible  (about  30-40dB  lower  than  the  total 
field).  The  first  experimental  setup  is  given  in  Fig.6  , 
while  in  Fig.  7.  the  measured  and  simulated  field  are 
plotted.  The  board  is  vertically  placed  above  the  metal 
floor  of  the  chamber.  The  trace  is  horizontally  placed, 
supplied  with  the  sinusoidal  oscillator  and  is  ended  on  a 
50Q  load. .  The  antenna  is  polarized  to  have  the 
maximum  RE. 


Fig.7:Comparison  between  measurement  and  simulation 


The  second  experimental  setup  is  given  in  Fig.  8,  while 
in  Fig.  9.  the  measured  and  simulated  field  are  plotted. 
The  board  is  vertically  placed  above  the  metal  floor  of 
the  chamber.  The  trace  is  vertically  placed,  supplied 
with  the  sinusoidal  oscillator  and  is  ended  on  a  500 
load.  The  antenna  is  polarized  to  have  the  maximum 
RE.  The  frequency  sweeps  from  30MHz  up  to  1GHz. 


Fig.9:Comparison  between  measurement  and  simulation 


3.4  Validation  with  ECL  signals 

The  third  experimental  setup  is  given  in  Fig.  10,  while 

in  Fig.  1 1.  the  measured  and  simulated  field  are  plotted. 

The  board  is  vertically  placed  above  the  metal  floor  of 

the  chamber.  The  trace  is  horizontally  placed,  it  is 

supplied  with  the  ECL  signal  generator  and  is  not 

ended. 

h  is  varying  from  1  to  4m,  with  a  0.5m  step  and  the 
antenna  is  polarized  at  each  antenna  position  to  have  the 
maximum  RE,  as  requested  from  the  standard  [3]. 

The  frequency  range  starts  from  200MHz  up  to  1GHz. 
Only  the  harmonics  that  provide  a  maximum  local 
radiated  field  are  plotted  because  we  are  never  sure  to 
have  both  in  measurement  and  in  simulation  exactly  the 


Fig.  11:  Comparison  between  measurement  and 
simulation 


3.5  Validation  with  CMOS  signals  without  and  with 
the  attached  cable 

For  the  validation  of  the  evaluation  of  the  radiated  field 
with  the  attached  cable,  the  PCB  has  always  been  driven 
with  the  CMOS  oscillator.  In  the  following  an  example 
is  shown:  the  board  is  vertically  placed  above  the  metal 
floor  of  the  chamber,  it  is  not  connected  to  the  metal 
plane  of  big  dimensions.  The  trace  is  ended  on  a  500 
load,  h  is  varying  from  1  to  4m,  with  a  0.5m  step  and 
the  antenna  is  polarized  at  each  antenna  position  to  have 
the  maximum  RE,  as  requested  from  the  standard  [3]. 

The  fourth  experimental  setup  is  given  in  Fig.  12, 
while  in  Fig.  13.  the  measured  and  simulated  field  are 
plotted.  The  frequency  range  started  from  30MHz  up  to 
200MHz.  The  antenna  is  polarized  to  have  the 
maximum  RE. 
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The  same  comparison  has  been  performed  with  a  60  cm 
long  cable  whose  shield  is  connected  to  the  board,  as 
shown  in  figure  14.  The  cable  is  open-ended.  The 
comparison  between  measurement  and  simulation  is 
shown  in  figure  15. 


Fig .  1 3 :  Comparison  between  measurement  and 
simulation 


Fig.l5:Comparison  between  measurement  and 
simulation 

The  required  simulation  time  on  a  HP750  workstation  to 
obtain  the  radiated  emissions  results  of  a  board  which 
presents  6  nets  and  an  attached  cable  is  the  following: 

•  PRESTO™  to  obtain  the  current  distribution  on  the 
nets:4  s 

•  EmiR™  to  obtain  the  differential  mode  radiated 
emissions  from  the  nets:2  s 

•  EmiRCABLE™  to  obtain  the  common  mode 
radiated  emissions  from  the  cable:  15  s 


4.  CONCLUSIONS 

The  comparisons  are  good  in  most  of  the  analyzed 
situations  when  the  board  is  in  vertical  position: 
differences  belongs  to  the  ±4dB  range  in  the  maximum 
field  zone,  while  they  are  worse  around  the  minimum. 
In  a  future  paper  results  when  the  board  is  in  horizontal 


position  will  be  presented.  Some  important 
considerations  should  be  made  about  the  simulation 
time:  simulation  were  run  on  a  HP750  workstation  and 
took  some  seconds  for  each  case.  The  presented 
solution  for  the  prediction  of  radiated  emissions  of  a 
PCB  at  post-layout  level  reaches  a  good  trade-off 
between  realism  of  results  and  computation  time.  It  is  so 
possible  to  simulate  all  the  microstrips  of  a  PCB  for  RE 
aspects  in  a  reasonable  simulation  time:  the  tool  can 
effectively  be  used  in  the  CAD  design  flow.  An 
experimental  validation  using  an  industrial  board,  put  in 
vertical  position,  is  presented  in  [8], 
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The  results  of  researches  on  the  influence  of 
electromagnetic  fields  on  integrated  microcircuits  has 
been  adduced.  The  distributions  of  electromagnetic 
fields  near  the  integrated  microcircuit  are  received.  The 
physical  model  of  degradation  processes  in  integrated 
microcircuits  placed  in  an  electrostatic  field  is 
developed. 

1  INTRODUCTION 

Reliability  of  semiconductor  devices  and 
integrated  microcircuits  is  one  of  the  major  factors  of 
long-term  operation  of  the  radioelectronic  equipment. 
The  urgency  of  this  problem  is  connected  with  influence 
of  electromagnetic  radiation  of  an  artificial  and  natural 
high-power  origin  on  elements  of  the  radioelectronic 
equipment  [1,2]  Influence  of  electromagnetic  radiation 
is  understood  as  large  variety  of  kinds  of  influence, 
among  which  we  shall  allocate  influence  of  pulse 
electromagnetic  fields  and  electrostatic  discharge  [3], 

The  majority  of  researches  on  influence  of 
electromagnetic  and  electrostatic  fields  was  reduced 
basically  to  submission  of  a  pulse  of  the  higher  voltage 
on  leads  of  integrated  microcircuits  [3,4]  In  this  case  the 
character  of  degradation  processes  was  defined  by  values 
of  the  applied  voltage  and  duration  of  an  influencing 
pulse  The  electrostatic  influence  was  considered 
basically  as  contact  of  the  operator  who  is  taking  place 
under  large  potential,  with  one  of  the  leads  of  a 
microcircuit  In  this  case  the  development  of  degradation 
processes  was  determined  by  time  of  contact  and 
potential,  which  the  operator  had  [5,6], 

Both  in  the  first  and  in  the  second  case 
dynamics  of  degradation  processes  was  determined  in 
parameters  of  external  influence  and  parameters  of  the 
circuit,  which  was  determined  by  topology  of  a 
microcircuit 

We’ve  carried  out  researches  of  field  influence 
of  electromagnetic  waves  and  electrostatic  fields  on 
integrated  microcircuits.  The  physical  model  of 
degradation  processes  in  integrated  microcircuits  placed 
in  an  electrostatic  field  has  been  developed. 


2  INFLUENCE  OF 
ELECTROMAGNETIC  FIELDS 
ON  INTEGRATED  MICROCIRCUITS 

The  influence  of  electromagnetic  fields  on 
integrated  microcircuits  is  especially  urgent  in 
connection  with  the  occurrence  of  generators  and 
sources  of  high-power  radiation  (109  W  and  more  in  a 
pulse).  They  can  cause  a  complete  failure  of  elements  of 
the  radioelectronic  equipment  or  "to  blind"  elements  on 
the  certain  time  [1], 

The  influence  of  electromagnetic  fields  on 
integrated  microcircuits  essentially  differs  from  the 
appendix  of  an  additional  pulse  to  leads  of  integrated 
microcircuits.  In  this  case  most  urgent  become  not  only 
parameters  of  external  influence  (amplitude  of  an 
electromagnetic  field,  duration  of  an  influencing  pulse), 
but  also  arrangement  of  an  integrated  microcircuit  of  a 
rather  electromagnetic  wave.  Thus  there  are  some 
circuits  and  voltage  put  to  everyone  of  a  circuit,  is 
defined  by  an  arrangement  of  leads  of  an  integrated 
microcircuit  of  a  rather  electromagnetic  field.  In  this  case 
electromagnetic  field  can  be  enclosed  on  a  feed  of  a 
microcircuit,  as  well  as  be  sent  on  alarm  leads. 

The  researches  on  the  influence  of  an 
electromagnetic  field  on  integrated  microcircuits  were 
carried  out  in  closed  waveguide  transmission  line  on  the 
length  of  the  wave  X»10  centimeter.  Duration  of  a  pulse 
1...4  ps,  capacity  <  20  kW,  relative  pulse  duration  Q  = 
(0,25...  I)- JO4. 

The  carried  out  researches  have  shown,  that  the 
resistance  of  integrated  microcircuits  under  the  influence 
of  an  electromagnetic  field  essentially  depends  on 
orientation  of  a  microcircuit  concerning  a  field  of  an 
electromagnetic  wave  Depending  on  orientation  the 
threshold  of  the  resistance  of  microcircuits  on  intensity 
of  an  electromagnetic  field  can  differ  on  the  order  and 
more.  In  orientations,  in  which  the  integrated 
microcircuits  are  least  stable,  the  threshold  of  resistance 
on  intensity  of  an  electromagnetic  field  makes  60-70 
kV/m.  In  some  orientations  microcircuits  remain  efficient 
even  at  intensity  of  an  electromagnetic  field  100  kV/m. 


363 


After  the  influence  of  electromagnetic  fields  the 
integrated  microcircuits  were  exposed  to  level-by-level 
etching  for  the  analysis  of  the  reasons  of  a  failure.  The 
carried  out  analysis  has  shown,  that  about  90  %  of 
microcircuits  were  out  of  order  for  the  reason  of 
metallization  burn-out.  Metallization  has  appeared  the 
weakest  part  in  an  integrated  microcircuit. 

The  metallization  failure  carried  a  local 
character  -  the  certain  sites  of  a  metal  path  burnt  out. 
The  process  "dot"  metallization  degradation  is  caused  by 
heterogeneity  of  metallization  and  non-uniformity  of 
metallization  contact  with  the  adjacent  layers.  It  results 
in  formation  of  "hot"  channels  and  "local"  degradation. 

Degradation  processes  in  integrated 
microcircuits  are  connected  with  the  burn-outs  of 
metallization  or  microsites  of  elements  of  a  microcircuit. 
The  researches  have  shown,  that  the  threshold  of 
degradation  processes  is  one  order  less  than  a  threshold 
of  resistance  of  microcircuits  for  each  of  the 

orientations.  For  the  orientation,  in  which  microcircuits 
were  least  stable  in  intensity,  the  threshold  of 

degradation  processes  made  4-7  kV/m. 

Under  the  influence  of  electromagnetic  fields  on 
integrated  microcircuits  the  voltage  put  to  various 
circuits,  depends  on  distribution  of  an  electromagnetic 
field  near  the  microcircuit.  In  approximation  of  a  wave 
Hio  the  field  of  a  falling  wave  was  defined  by  the  known 
parameters  of  the  past  and  reflected  of  waves.  During 
the  researches  the  distribution  of  a  field  near  the 

integrated  microcircuit  was  received. 

For  theoretical  account  decomposite  method 
was  used.  For  the  account  of  the  fields  near  to  a 

microcircuit  and  in  its  structure  the  microcircuit  was 
submitted  as  a  four-layer  structure:  1 -substrate,  2-  oxide 
of  silicon,  3-  metallization,  4-  oxide  of  silicon  (fig.l). 
Thus  the  researches  were  carried  out  both  in  and  without 
view  of  leads  of  a  microcircuit 

In  this  method  the  whole  structure  of  an 
integrated  microcircuit  was  submitted  as  a  set  of  the 
minimal  independent  blocks.  For  each  block  there  was  a 
matrix  of  dispersion  S  connecting  vectors  of  the  falling 
and  reflected  waves.  After  definition  of  matrixes  of 
dispersion  of  all  independent  blocks  with  the  help  of 
recomposition  the  common  matrix  of  dispersion  of  the 
whole  structure  was  determined  The  accounts  were 
carried  out  in  view  of  7  types  of  waves  in  waveguide. 

The  received  data  show,  that  the  field  near  to  a 
microcircuit  and  in  the  structure  is  determined  in 
parameters  of  layered  structure.  Thus  the  essentia! 
influence  on  created  potential  in  structure  of  a 
microcircuit  is  rendered  by  leads  of  an  integrated 
microcircuit.  It  results  that  at  the  account  of  leads  of  a 
microcircuit  there  is  a  strong  distortion  of  a  field,  that 
renders  essential  influence  on  dynamics  of  degradation 
processes  in  metallization  of  microcircuits. 
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Fig.  1 .  Layered  structure  of  a  microcircuit. 

3.  INFLUENCE  OF 
ELECTROSTATIC  FIELDS  ON 
INTEGRATED  MICROCIRCUITS 

Researches  on  influence  of  electrostatic  fields 
on  integrated  microcircuits  was  reduced  basically  to 
submission  of  an  additional  pulse  on  leads  of  a 
microcircuit  [5].  We  carry  out  researches  on  degradation 
of  microcircuits  placed  in  an  electrostatic  field.  The 
physical  model  of  development  of  dynamic  processes  in 
microcircuits  which  are  taking  place  in  an  electrostatic 
field  is  developed. 

For  research  of  influence  of  an  electrostatic 
field  on  integrated  microcircuits  the  experimental  plant 
was  developed,  which  block  diagram  is  given  on  fig.2. 

The  experimental  plant  consist  of  two  section:  1 
-  working  area,  2  -  power  area.  In  working  area  1 
through  electrodes  (3)  there  is  an  electrostatic  field,  in 
which  the  researched  integrated  microcircuit  is  located. 
The  voltage  submitted  on  electrodes  (3),  is  developed  by 
the  power  supply  located  in  power  area  (2).  It  is  possible 
to  change  a  voltage  submitted  on  electrodes  (3),  within 
the  limits  of  5-30  kV.  The  integrated  microcircuits  (7) 
were  located  in  working  area  1  with  the  help  of  stage 
(6),  made  of  organic  glass. 

One  of  the  electrodes  (3)  was  mobile,  that 
allowed  to  create  a  field  inside  working  area  1  with  the 
intensity  of  an  electrical  field  from  10  up  to  600  kV/m. 

For  the  study  of  influence  of  an  electrostatic 
field  on  integrated  microcircuits  the  generator  of 
rectangular  pulses  on  a  microcircuit  was  going.  To  a 
microcircuit  a  feed  from  power  supply  4  is  made,  and  the 
change  of  electrical  parameters  of  an  integrated 
microcircuit  was  defined  with  the  help  oscillograph  (5) 
(fig.2).  To  avoid  inducing  on  wires,  leading  to  an 
integrated  microcircuit,  they  were  located  in  shielded 
cable  (8) 
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Fig. 2.  Experimental  plant  on  electrostatic  discharge. 

The  field  mechanism  of  influence  of  an 
electrostatic  field  on  the  integrated  microcircuits  is 
connected  with  the  production  of  displacement  charge 
on  elements  of  an  integrated  microcircuit.  The  values  of 
the  induced  charge  was  defined  by  distribution  of  an 
electrostatic  field  near  to  a  microcircuit  and  on  its  layers. 
For  numerical  definition  of  electrostatic  fields  the 
microcircuit  was  submitted  as  layered  structure  (fig.l). 
Metallization  had  island  character  -  from  this  layer  there 
were  leads  of  a  microcircuit  that  passed  through  a  layer 
of  silicon  oxide.  The  account  of  an  electrostatic  field  was 
done  on  the  basis  of  the  numerical  decision  of  the  two- 
dimensional  equation  of  Puason.  The  account  of  layered 
structure  of  a  microcircuit  was  made  with  the  help  of  the 
following  equation: 

MA|F=0  (1), 

where  F  -  potential  of  an  electrostatic  field,  er  - 
dielectric  constant  of  layers  of  a  microcircuit. 

The  analysis  of  the  received  results  has  shown, 
that  the  distribution  of  an  electrostatic  field  in  layered 
structure  is  defined  not  only  by  the  properties  of  layers, 
but  also  by  topology  and  distributing  of  metallization. 
The  account  of  leads  of  a  microcircuit  essentially 
influences  a  picture  of  an  electrostatic  field,  creating  sites 
with  a  large  gradient  of  potential  All  this  can  result  in 
occurrence  of  local  degradation  processes  in  places  of 
the  raised  intensity  of  an  electrostatic  field. 

The  carried  out  experiment  has  shown,  that  the 
stationary  field  does  not  render  influence  on 
serviceability  of  integrated  microcircuits  at  intensity  of 
an  electrostatic  field  up  to  500  kV/m.  It  is  connected 
with  the  fact  that  in  experiment  the  influence  of  a  "pure" 
statics  without  the  account  of  processes  taking  place  at 
an  establishment  of  a  static  mode  was  investigated. 

One  of  the  factors,  which  influences  the 
resistance  of  the  integrated  microcircuits  in  external 
electrical  fields,  is  the  speed  of  the  establishment  of  an 
external  field  or  its  changes,  that  actually  defines  the 
values  of  the  current  of  displacement  in  dielectric  and  the 
current  of  conductivity  in  metallization  in  a  discharge 
circuit  of  an  integrated  microcircuit. 


Irrespective  of  character  of  a  static  electricity 
the  majority  of  constructive  elements  of  integrated 
microcircuits  are  sensitive  to  capacity  of  dispersion 
connected  with  the  course  of  a  discharge  current,  caused 
by  a  static  electricity.  Such  elements  are  the  structures 
based  on  p-n  junction,  and  metallization.  To  these 
elements  are  essential  duration,  the  amplitude  and  form 
of  a  pulse  of  a  discharge  current,  at  certain  combinations 
of  which  electric  break-down  of  a  discharge  interval  to 
transition  in  thermal  break-down  causing  burn-out  of  p-n 
junction  and  burn-out  of  metallization. 

The  occurrence  of  degradation  processes  in 
integrated  microcircuits  placed  in  an  external  static  field, 
is  defined  by  intensity  of  an  electrical  field,  and  also 
mutual  orientation  of  microcircuits  both  field  and  speed 
of  change  of  an  external  field.  The  meanings  of  intensity 
of  an  electrical  field  exceeding  discharge  values  on  local 
sites  of  an  integrated  microcircuit,  are  defined  by 
displacement  charges  collecting  on  the  elements  of  a 
microcircuit.  The  values  of  these  charges  depend  on 
values  of  an  external  field  and  mutual  orientation  of  an 
integrated  microcircuit  concerning  the  field. 

At  discharge  of  an  integrated  microcircuit  there 
is  a  discharge  circuit,  which  equivalent  circuit  is  given  on 
fig. 3.  The  following  elements  are  included  in  a  discharge 
circuit:  CB  -  capacity  between  leads  of  a  microcircuit,  Ro 
-  resistance  of  current  conductive  pathes,  C0  -  capacity 
of  dielectric,  Rpr  -  resistance  of  a  discharge  interval  The 
resistance  of  a  discharge  interval  has  nonlinear  S-form 
voltage-current  characteristic  -  up  to  discharge  Rpr  is 
great,  after  discharge  it  is  small,  but  in  any  case  Rpr  » 
Ro- 

The  process  of  discharge  is  described  as 
follows:  at  the  increased  intensity  of  a  field  near  to  an 
integrated  microcircuit  the  voltage  put  to  leads  of  a 
microcircuit  (a  voltage  on  CB)  and,  hence,  to  C0  is 
increased.  If  the  a  voltage  of  discharge  is  exceeded  a 
discharge  of  dielectric,  dividing  the  conductors  occurs. 
At  occurrence  of  discharge  a  circuit  locks  through 
currents  of  displacement  arising  as  a  result  of  transient  in 
a  discharge  circuit.  At  discharge  the  resistance  of 

discharge  Rpr  sharply  falls  It  results  in  a  voltage 

reduction  on  capacity  C0,  that  results  in  a  voltage 

reduction  on  leads  of  an  integrated  microcircuit,  causing 
the  terminations  of  discharge.  At  the  termination  of 
discharge  the  voltage  on  leads  of  an  integrated 
microcircuit  again  grows  up  to  a  discharge  voltage  and 
the  process  is  repeated.  The  given  circuit  can  be 
presented  as  a  circuit  with  a  source  of  a  voltage 

controlled  by  a  voltage  of  discharge,  however  there  are 
also  differences,  which  are  connected  with  the  tact  that 
the  external  field  does  not  depend  on  a  circuit  of  the 
discharge  -  charge,  or  in  other  words,  from  an  input  - 
output. 
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Fig.3  The  equivalent  circuit  of  a  discharge  circuit. 

The  characteristics  of  relaxation  processes 
arising  at  discharge,  depend  on  the  speed  of  an 
establishment:  of  an  external  field  and  the  constants  of 
the  time  of  a  discharge  circuit  (pnc.3).  In  view  of  the 
form  of  a  discharge  current  and  its  amplitudes  there 
were  carried  out  accounts  of  degradation  processes  in 
metallization  on  the  basis  of  the  analysis  of  thermal 
modes  in  an  integrated  microcircuit  and  the 
comparisons  with  the  case  of  a  constant  discharge 
current  have  been  carried  out. 

4  CONCLUSION 

The  carried  out  researches  have  allowed  to 
establish  thresholds  of  resistance  of  integrated 
microcircuits  to  influence  of  an  external  electromagnetic 
field  depending  on  orientation  of  an  integrated 
microcircuit  The  character  of  degradation  processes  in 
an  integrated  microcircuit  is  established  at  the  influence 
of  an  electromagnetic  field  The  meanings  of  intensity  of 
an  electromagnetic  field  resulting  in  occurrence  of 
degradation  of  metallization  are  received. 


The  researches  have  shown,  that  degradation 
of  integrated  microcircuits  placed  in  an  electrostatic 
field,  there  is  defined  not  only  amplitude  of  an  external 
field,  but  also  time  and  character  of  an  establishment  of 
an  external  field.  The  developed  mathematical  model 
allows  to  describe  physical  processes  arising  at  the 
influence  of  an  external  electrostatic  field.  On  the  basis 
of  the  given  model  the  basic  characteristics  of 
electrostatic  fields  resulting  in  degradation  and  failure  of 
integrated  microcircuits  are  established. 
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The  physical  model  of  degradation  processes 
in  metallization  of  integrated  microcircuits  is  developed 
undet  the  influence  of  an  external  electromagnetic  field. 
The  temporary  and  spatial  characteristics  of 
degradation  processes  are  received.  The  conditions  of 
occurrence  "  of  a  mode  with  an  aggravation  "  cmd 
formation  of  local  degradation  are  revealed. 


1.  INTRODUCTION 


Reliability  of  the  radioelectronic  equipment  is 
defined  by  resistance  of  its  elements  to  influence  of  the 
various  external  factors.  Among  plenty  of  kinds  of 
influence  on  elements  of  the  radioelectronic  equipment 
the  most  dangerous  is  the  influence  of  electromagnetic 
fields  [1],  It  is  connected  with  the  fact  that  the 
occurrence  of  an  electromagnetic  wave  can  be  caused  by 
both  artificial,  and  natural  sources  of  radiation  [2,3], 
Moreover,  the  electromagnetic  wave  can  arise  in  the 
most  radioelectronic  equipment,  that  can  result  in  the 
degradation  of  elements. 

The  researches  on  influence  of  electromagnetic 
fields  on  semiconductor  devices  and  integrated 
microcircuits  are  carried  out.  The  experimental  data 
show,  that  the  overwhelming  number  of  failures  of 
integrated  microcircuits  occurs  because  of  defects  of 
metallization  -  just  they  are  mostly  subjected  to 
degradation  [4].  It  results  in  the  necessity  of  research  of 
the  reasons  and  mechanism  of  metallization  degradation. 

In  this  work  the  mathematical  model  of  the 
description  of  dynamics  of  development  of  degradation 
processes  in  metallization  is  given.  The  reasons  of  local 
metallization  degradation  are  revealed,  the  temporary 
and  spatial  characteristics  of  degradation  processes  are 
received.  The  conditions  of  occurrence  "  of  a  mode  with 
an  aggravation  ",  resulting  in  instant  "explosive" 
metallization  degradation  are  received. 


2.  PHYSICAL  MODEL, 

OF  DEGRADATION  PROCESSES 
IN  METALLIZATION 

The  influence  of  electromagnetic  fields  on 
integrated  microcircuits  results  in  metallization 
degradation.  The  character  of  degradation  processes  is 
determined  as  parameters  of  an  external  electromagnetic 
field  (amplitude,  frequency),  and  orientation  of  an 
integrated  microcircuit  of  a  rather  electromagnetic  field. 

The  occurrence  of  dynamic  processes  in 
integrated  microcircuits  under  the  influence  of 
electromagnetic  fields  is  connected  with  the  current 
induced  on  the  leads  of  a  microcircuit.  The  current 
induced  on  the  leads  of  a  microcircuit,  becomes  isolated 
through  metal  pathes  and  a  dielectric  layer  dividing 
them.  In  this  case  discharge  circuit  can  be  presented  as 
the  equivalent  circuit  given  on  fig.l.  The  equivalent 
circuit  represents  a  RC-circuit,  which  includes  resistance 
of  metallization  (R),  capacity  of  a  dielectric  layer  (C), 
resistance  of  a  dielectric  (Ro). 
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Fig.  1 .  The  equivalent  circuit  of  a  discharge  circuit. 

The  voltage  U  is  enclosed  in  the  given 
equivalent  circuit  which  in  the  first  approach  is 
determined  by  expression  U  =  E-l,  where  1  -  distance 
between  the  leads  of  an  integrated  microcircuit  along  a 
field. 

The  capacity  of  dielectric  is  defined  by  topology 
of  an  integrated  microcircuit  and  depends  on  orientation 
of  an  integrated  microcircuit  concerning  a  field.  It  is 
connected  with  the  fact  that  depending  on  orientation  of 
an  integrated  microcircuit  the  voltage  is  put  to  different 
leads  of  a  microcircuit.  As  a  result  there  are  different 
circuits,  in  which  the  circuit  locks  through  a  current  of 
displacement.  In  this  case  the  capacity  of  dielectric  is 
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defined  by  the  geometrical  sizes  of  dielectric,  which 
participates  in  the  circuit  formation. 

Occurrence  of  a  current  in  metallization  and  the 
formation  of  an  electrical  circuit  results  in  occurrence  of 
capacity  of  dispersion  on  metallization.  The  formed 
thermal  field  is  distributed  among  structures  of  an 
integrated  microcircuit.  For  the  description  of  dynamics 
of  the  thermal  processes  in  structure  of  an  integrated 
microcircuit  the  crystal  was  submitted  as  4  layers  (fig.  2): 

1  -  substrate  (Si);  2  -  dielectric  (Si02);  3  -  metallization 
(Al);  4  -  dielectric  (Si02). 


Fig.2.  Structure  of  an  integrated  microcircuit. 


The  temperature  field  in  layered  structure  was 
determined  with  the  help  of  the  two-dimensional  non¬ 
stationary  heat  equation: 
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where  C|  -  specific  heat  of  a  l-layer,  pi  -  density 
of  a  material,  K((T)  -  thermal  conductivity,  qi(x,  y,  t)  - 
specific  capacity  of  sources  of  heat,  1  -  number  of  a  layer. 

The  equation  (1)  represents  a  system  of  4 
equations  for  each  layer  of  a  microcircuit.  On  the  border 
of  the  layers  the  condition  of  a  continuity  of  a  thermal 
flow  and  continuity  of  a  temperature  field  was  used.  The 
thermal  conductivity  of  layers  were  functions  of 
temperature.  The  system  of  the  equations  (1)  was 
nonlinear  and  for  its  decision  the  numerical  methods 
were  used. 

In  this  work  the  character  of  a  metallization 
degradation  was  investigated.  For  this  purpose 
metallization  was  broken  into  homogeneous  sites,  within 
the  limits  of  which  its  parameters  (electrical  conduction, 
heat  conduction)  were  considered  as  constant  values. 
During  the  investigation  of  degradation  processes  the 
homogeneous  site  was  considered  as  one  whole.  Such 
representation  is  connected  with  the  fact  that 
metallization  represents  granular  §tructure  The 
homogeneous  site  is  a  set  of  some  grains. 

To  include  such  a  structure  of  metallization  in 
an  electrical  circuit  (fig.  1),  it  was  submitted  as  a  two- 
dimensional  grid  of  resistance  (fig.3).  Each  resistance 
represented  a  homogeneous  site  of  metallization. 
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Fig.3.  Metallization  structure. 

The  expression  for  capacity  allocated  on  a 
homogeneous  site  of  metallization  was  received: 


q(i.j)  = 


I2<j(i,  j) 


(2), 


where  I  -  current  which  is  taking  place  through 
metallization,  S  =  hyLz  -  area  of  cross  section  of  a 
homogeneous  site  (hy  -  thickness  of  a  homogeneous 
site),  Ny  -  number  of  homogeneous  sites  along  thickness 
of  metallization  (axis  Y),  a(i,  j)  -  conductivity  of  a 
homogeneous  site  of  metallization. 

The  two-dimensional  heat  equation  (1)  was 
solved  with  the  use  of  the  implicit  circuit  of  variable 
directions.  For  this  purpose  the  distribution  of 
temperature  was  defined  on  half  a  temporary  step,  and 
then  the  meaning  of  the  temperature  on  the  whole 
temporary  step  was  determined.  It  is  the  circuit  of 
Peaceman-Reckford. 


3.  SPATIAL  AND  TEMPORARY 
CHARACTERISTICS  OF  DEGRADATION 
PROCESSES 

The  carried  out  numerical  experiment  has 
shown,  that  dynamics  of  degradation  processes  in 
metallization  of  integrated  microcircuits  under  the 
influence  of  electromagnetic  fields  is  defined  by  both 
parameters  of  an  external  field,  and  metallization 
structure.  Metallization  had  non-homogeneous  structure 
-  homogeneous  sites  of  metallization  had  different 
meaning  of  conductivity  (fig.4). 

The  formation  of  heterogeneity  is  caused  by  the 
basic  technological  processes.  The  degree  of 
heterogeneity  of  metallization  especially  is  brightly 
displayed  in  places  of  contact  of  a  metallization  layer 
with  other  layers. 

The  researches  were  carried  out  for  intensity  of 
an  electromagnetic  field  5  kV/m  and  frequency  109  Hz. 

Under  the  influence  of  an  external 
electromagnetic  field  on  non-uniform  sites  of 
metallization  there  is  an  allocation  of  heat  and  local 
warming  up  of  these  sites  (fig.  5).  The  values  of  the 
temperature  on  these  sites  is  largely  determined  by  a 
degree  of  metallization  heterogeneity  -  the  greater 
heterogeneity  of  metallization  (the  less  meaning  of 
conductivity),  is  the  stronger  the  given  site  is  warmed 
up.  It  is  caused  by  the  fact  that  in  places  of  heterogeneity 
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there  is  "narrowing"  of  the  path  and  formation  of  the 
"hot"  channel. 


The  process  of  distribution  of  heat  carries  a 
diametrical  character  -  the  heat  dissipates  in  cross 
section  of  a  crystal  (fig.5).  It  is  connected  with  the 
geometrical  parameters  of  an  integrated  microcircuit  - 
thickness  is  3  orders  less  than  length.  Dynamics  of 
thermal  process  carries  anisotropic  character  along  the 
section  of  the  structure.  It  results  in  the  local  melting- 
down  of  metallization  and  can  result  in  the  short  circuit 
of  melting-down  metal  with  a  silicon  substrate. 
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Fig  5.  Distribution  of  levels  of  identical  temperature  on 
the  structure  of  an  integrated  microcircuit. 

The  estimation  of  the  temporary  characteristics 
has  shown,  that  the  duration  of  the  given  degradation 
process  makes  about  10',o-M0'9  sec.  The  given  type  of 
the  degradation  is  caused  by  the  large  density  of  a 
current  (lO^lO9  A/cm2).  Spatial  degradation  in  this  case 
makes  about  5-MO  pm. 

At  a  strong  degree  of  metallization 
heterogeneity  the  occurrence  "of  a  mode  with  an 
aggravation"  -  the  local  allocation  of  heat  on  non- 
homogeneous  sites  is  possible.  This  process  is  caused  by 
nonlinear  dependence  on  temperature  of  layers  of  an 
integrated  microcircuit,  and  also  nonlinearity  of  an 
external  source.  Such  mode  results  in  the  formation  of 
an  "explosive"  wave  in  places  of  heterogeneity.  At  the 
certain  ratio  of  an  external  electromagnetic  field  and 
degree  of  heterogeneity  the  transition  from  usual  time 
degradation  to  an  explosive  wave  is  possible.  1 

In  this  work  the  researches  of  influence  of 
parameters  of  an  external  circuit  (fig.l)  on  dynamics  of 
degradation  processes  are  carried  out.  In  particular,  the 
influence  of  capacity  of  a  dielectric  layer  on  dynamics  of 
thermal  processes  on  non-homogeneous  sites  of 
metallization  (fig.6)  is  investigated.  It  is  established,  that 
depending  on  capacity  of  a  dielectric  layer  in  a  crystal 


both  local  accumulation  of  heat  (curve  1  on  fig.6),  and 
absence  of  accumulation  of  heat  (curve  4)  can  be 
observed.  Dynamic  and  degradation  processes  in  layered 
structure  of  an  integrated  microcircuit  depend  on  not 
only  parameters  of  structure,  but  also  on  parameters  of 
equivalent  circuit,  which  is  formed  under  the  influence  of 
an  external  electromagnetic  field. 


t.  PS 

Phc.6.  Dynamics  of  temperature  of  a  non-homogeneous 
site  of  metallization  depending  on  dielectric  capacity. 

4.  CONCLUSION 

On  the  basis  of  the  developed  model  the 
reasons  of  local  degradation  of  metallization  are  revealed 
under  the  influence  of  an  external  electromagnetic  field. 
The  temporary  and  spatial  characteristics  of  development 
of  degradation  processes  in  metallization  are  received. 
During  the  realization  of  numerical  experiment  the  ratio 
between  parameters  of  an  external  electromagnetic  field 
(amplitude,  frequency)  and  degree  of  heterogeneity  of 
metallization  are  established  which  result  in  occurrence 
"of  a  mode  with  an  aggravation"  -  sharp  growth  of 
temperature  on  a  non-homogeneous  site. 

Dynamics  of  degradation  processes  at  non- 
homogeneous  sites  of  metallization  is  investigated 
depending  on  the  capacity  of  a  dielectric  layer.  It  is 
shown,  that  the  development  of  degradation  processes  is 
determined  in  parameters  of  an  external  field,  parameters 
of  equivalent  circuit  and  topology  of  an  integrated 
microcircuit. 
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Absorption  properties  of  any  object  is  ruled  by 
several  major  factors  such  as  material  parameters, 
the  shape  which  is  restricted  by  practical 
applications  and  the  frequency  range.  Absorption 
is  extremely  difficult  to  analyze  mathematically. 
The  exact  solution  requires  solving  Maxwell's  field 
equations  for  a  three-dimensional  shape. 

A  theoretical  analysis  of  absorption  can  be 
applied  precisely  for  a  limited  number  of  very 
simple  geometric  shapes  and  types  of  applied 
fields.  It  is  practical  to  apply  electromagnetic  theory 
to  the  ideally-oriented  shielding  shapes.  The 
absorption  properties  of  geometric  shapes  such  as 
cylinders  and  spheres  can  be  useful  for  practical 
applications. 

It  is  practical  to  apply  electromagnetic  theory  to 
the  ideally-oriented  shielding  shapes.  The 
absorption  properties  of  geometric  shapes  such  as 
cylinders  and  spheres  can  be  useful  for  practical 
applications.  A  theoretical  analysis  of  absorption 
can  be  applied  precisely  for  a  limited  number  of 
very  simple  geometric  shapes  and  types  of  applied 
fields. 

The  absorption  effectiveness  is  defined  in  terms 
of  absorbed  power  as  the  ratio  of  the  absorbed 
power  to  the  total  power. 

1.  INTRODUCTION 

The  Rayleigh  approximation  deals  with  the  general 
scattering  characteristics  of  a  small  particle.  The 
Rayleigh  approximation  sets  the  basis  for 
investigating  the  absorption  properties  of  simple 
shapes  in  most  applications, but  the  energy 
conservation  rule  must  be  satisfied  to  evaluate  the 
absorption  effectiveness  of  simple  shapes.  The 
Rayleigh  approximation  does  not  satisfy  energy 
conservation  i.e.;  the  sum  of  the  absorbed  and 
scattered  power  is  not  equal  to  the  total  power 
extracted  from  the  incident  wave.  In  this  study, 


Improved  Rayleigh  approximation  is  used  to 
satisfy  energy  conservation. 

Absorption  effectiveness  is  computed  as  the 
ratio  of  the  absorbed  power  to  the  total  power. 
Electromagnetic  absorption  properties  of  simple 
shapes  such  as  spheres  (Mie  solution)  and 
cylinders  (Richmond  and  finite  length  solutions) 
also  satisfy  the  energy  conservation  rule.  Mie 
solution  is  the  exact  solution  of  scattering  of  a 
plane  electromagnetic  wave  by  an  isotropic 
homogeneous  sphere 

The  comparison  of  the  Improved  Rayleigh 
approximation  with  Mie  solution  for  spheres  and 
Richmond  solution  for  cylinders  satisfy  energy 
conservation.  The  results  of  the  Richmond  and 
finite  length  solutions  for  thin  cylinders  are  also 
compared  .The  absorption  effectiveness  of 
spherical  and  cylindrical 

shells  are  computed  and  compared  with  the  results 
in  the  literature,  and  good  agreement  is  found. 

Some  applications  of  Rayleigh  approximation 
do  not  give  acceptably  accurate  results.  This  is 
especially  the  case  for  material  having  low  loss 
tangent  values. 

The  scattered  fields  obtained  via  the  Rayleigh 
approximation  does  not  satisfy  energy 
conservation  rule  [1-4],  then  an  improved  method 
should  be  used  [2],  This  is  done  by  accounting  for 
the  multiply  scattered  fields  inside  the  shape.  An 
improved  method  which  obeys  the  energy 
conservation  rule  also  provides  a  great  deal  of 
information  related  with  the  absorption  properties. 
In  Section  2,  the  Improved  Rayleigh  approximation 
is  reviewed  and  the  extinction,  absorption  and 
scattering  losses,  absorption  effectiveness  are 
formulated.  AE  is  formulated  as  the  ratio  of  the 
absorption  cross  section  and  the  total  cross  section 
for  sphere  and  cylinders.  AE  of  multilayered 
cylinders  and  spheres  can  also  be  defined  using 
the  solutions  in  literature. 
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In  Section  3,  the  extinction  efficiency  and 
absorption  effectiveness  of  spheres  and  cylinders 
are  simulated  numerically.  The  Rayleigh  and 
Improved  Rayleigh  approximations  and  Mie  theory 
for  spheres  and  multilayered  spheres  are 
compared  in  terms  of  extinction  efficiency  and 
absorption  effectiveness.  Absorption  effectiveness 
for  a  thin  cylinder  is  obtained  using  the  Improved 
Rayleigh  approximation,  Richmond  and  finite 
length  cylinder  solutions  [5],  and  the  results  of 
these  approaches  are  compared 

2.  BACKGROUND  FORMULATION 

In  this  section,  we  will  briefly  explain  the 
Improved  Rayleigh  approximation  for  arbitrary 
spheroids,  the  theoretical  analysis  of  sphere, 
cylinder  and  derive  the  absorption  effectiveness 
expression  for  such  simple  shapes.  We  will  not  go 
through  the  derivation  of  the  solutions,  but  briefly 
explain  them. 

2.1  .Electromagnetic  Analysis  of  Arbitrary  Spheroid 

The  scattering  of  electromagnetic  waves  by  a 
finite  dielectric  body  is  important  in  various 
applications.  A  theoretical  solution  describing  the 
electromagnetic  scattering  particles  of  high 
symmetry  is  well  known.  Here,  we  present  a 
method  to  calculate  absorption  properties  of 
dielectric  bodies. 

The  Rayleigh  approximation  can  be  improved 
to  satisfy  energy  conservation. [1-2].  We  will  use 
the  Improved  Rayleigh  approach  for  the  derivation 
of  the  inner  field  of  the  spheroid  and  evaluate  the 
absorption  effectiveness. 

In  Improved  Rayleigh  approximation, 
quasistatic  approximation  can  be  employed  to  find 
the  field  inside  the  spheroid.  The  improvement  is 
represented  by  an  equivalent  polarizability  tensor 
differing  from  that  used  in  the  Rayleigh 
approximation  in  two  aspects:  it  is  frequency 
dependent,  and  it  gives  a  scattering  amplitude 
tensor  satisfying  energy  conservation  [2]. 
Numerical  calculations  on  spheres  and  ellipsoids 
indicate  that  the  Improved  Rayleigh  extinction  loss 
formulation  has  a  wider  validity  range  thanthe 
Rayleigh  approximation.  For  a  small  shape  where 
the  scattered  field  inside  the  shape  is  accounted 
for  and  the  phase  variation  over  the  scatterer  is 
negligible,  the  internal  field  can  be  expressed  in 
terms  of  incident  field  Einc,  equivalent 

polarizability  tensor Keq ,  unit  dyadic  I , 

polarizability  vector  q{ ,  as 


From  [3],  the  equivalent  polarizability  tensor  is 

=  3  .  .  3  K.  .  . 

Koq  =  =  f5, - ~p - xt*> 

i  +  j - — ^ - 

J6xVp(£r  -  \)K  t 

(2) 

xt  are  spherical  unit  vectors  in  the  principal  frame 
and  Rvalues  are  given  in  [1]  for  different 
spheroids,  Vp  is  the  volume  of  the  shape  and 

k0  =  o)yj^i0e0  .This  tensor  accounts  for  the 

multiply  scattered  field  inside  the  scatterer  which 
has  not  been  accounted  for  in  the  Rayleigh 
approximation.  If  the  denominator  of  (2)  is 
expanded: 


(3) 

The  first  term  in  this  expansion,  which  is 
equivalent  to  the  Rayleigh  approximation  stands 
for  the  direct  incident  field  inside  the  scatterer.  The 
other  terms  represent  the  first  multiply  scattered 
inner  field.  The  Rayleigh  approximation  does  not 
satisfy  the  boundary  conditions,  but  this 
expression  does  [2] . 

Energy  conservation  requires  that  the  energy 
lost  by  an  incident  wave  is  equal  to  the 
sum  of  the  energy  scattered  and  absorbed  by  the 
scatterer.  The  total  dissipated,  absorbed  and 
scattered  energies  are  represented  by  the 
extinction  a ^  ,  the  absorption  ,  and  the 

scattering  cross  sections,  respectively. 

Extinction  (Total)  cross  section  is  the  total  energy 
abstracted  from  the  incident  beam  by  the  shape. 
Absorption  cross  section  is  the  energy  lost  within 
the  shape  or  energy  abstracted  from  the  incident 
beam  by  absorption.  Scattering  cross  section  is 
the  total  energy  scattered  by  a  shape  in  all 
directions.  We  can  write  the  extinction  cross 
section  as 


% = vP  +-PK-1!  Zk«l  (*«-&)2 

wT 


The  absorption  cross  section  can  be  found  as 


The  scattering  cross  section  is 


Eint  •=  Keq  .( I-J.I). iljEj, 
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Fig.  2.  The  absorption  effectiveness  for  a  spherical 
shell  (Mie  solution)  ( er  =4  -  0.1  i) 


Fig.  3.  The  absorption  effectiveness  for  a 
homogeneous  sphere  (£r  =4  -  2.74i). 


Fig  4.  The  extinction  efficiency  of  thin  cylinder 
(vertical  polarization)  as  function  of 
normalized  radius  (ka)  ( sr  =4-0.1/). 


Fig.  5.  Absorption  effectiveness  of  thin  cylinder 
(vertical  polarization)  ( 8 r  =  4  -  2.74/ ) 
-  -  Improved  Rayleigh  solution, 

_ Richmond  solution  [5], 


Fig.  6.  Absorption  effectiveness  of  thin  cylinder 
(vertical  polarization)  ( e r  =  4  —  0.1/ ) 

-  -  Improved  Rayleigh  solution, 

_ Richmond  solution  [5], 


Fig.  7.  The  absorption  effectiveness  of  a  cylindrical 

shell  (vertical  polarization)  as  a - er  =  4-  2.74/ , 

_ er  =  4  -  0.1/ . 
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The  absorption  efficiency  can  be  calculated  as 

AEdB  =20  log  (7) 

According  to  the  forward  scattering  theorem  [3], 
the  extinction  cross  section  given  by  (4)  should  be 
equal  to  the  sum  of  absorption  (5)  and  scattering 
cross  sections  (6). 

2.2.  Electromagnetic  Analysis  of  Sphere 

The  extinction,  scattering  and  absorption 
efficiencies  of  the  multilayered  sphere  is: 

<2„,  =4-£(2»  +  l)Re(an+6n)  (8) 

x  »=! 

Q.ca  =  (2«  +  ixlfl.r  +  KT)  ^ 

x  n*=l 

Qoi,  =  Q.„  -  Q«a  (10) 

The  recursion  formulae  can  be  using  the  algorithm 
in  [7]  and  the  absorption  effectiveness  can  be 
evaluated  as  follows: 


<*t  = 

(11) 

=  ™2Qsca 

(12) 

<*a  =Vt~Os 

(13) 

AE^  =20  log™ 

(14) 

<*t 


2.3.  Electromagnetic  Analysis  of  Cylinder 

Electromagnetic  analysis  of  cylinder  for 
scattering  amplitudes  and  extinction,  scattering 
and  absorption  cross  sections  [4-6].  Richmond 
solution  [5]  is  a  well  known  method  for  the 
evaluation  of  infinite  length  cylinder  Because  the 
internal  fields  within  the  finite  length  cylinders  are 
not  known  exactly,  they  are  approximated  by  the 
internal  fields  within  the  infinite  length  cylinders  of 
equal  and  respective  diameters,  permittivities  and 
orientation  [5-8], 

The  absorption  cross  section  for  cylinder  is: 


°aq  =  kyr\\E§dV 

(15) 

or 

i P 

II 

1 

4? 

(16) 

where  Ei  is  the  internal  electric  field.  Finally, 
using  this  information  absorption  effectiveness  can 
be  evaluated  by  using  (16). 

3.  NUMERICAL  RESULTS 

In  Figs  1,  2.  and  3.  the  absorption  effectiveness  is 
calculated  according  to  equation  (16)  for  spheres. 
It  must  be  noted  that  Fig.  2.  can  be  used  for 
simulating  the  absorption  properties  of  a  room  that 
can  be  modeled  as  a  spherical  shell.  It  is  clear  that 
the  higher  loss  tangent  values  (as  in  Fig.  3)  give 
more  accurate  values  for  the  Improved  Rayleigh 
approximation  when  compared  to  the  exact  (Mie) 
solution  for  multilayered  sphere. 


Fig.  1.  The  absorption  effectiveness  for  a  homogeneous 
sphere  (6r  =4  -  O.li). 


The  extinction  efficiency  for  a  thin  homogenous 
cylinder  with  radius  a=0.1  m,  height  h=1  m  is 
shown  as  a  function  of  normalized  radius  (ka)  in 
Fig.  4.  It  can  be  seen  from  Fig.  4  that  the 
Richmond  [5]  solution  in  two  dimensions  and  the 
Improved  Rayleigh  approximation  for  thin 
homogenous  cylinder  agree  in  the  Rayleigh  region. 

In  Figs.  5.  and  6,  the  absorption  effectiveness 
of  thin  homogenous  cylinder  for  both  Richmond 
solution  and  Improved  Rayleigh  approximation 
and  both  solutions  agree  in  the  Rayleigh  region. 
The  comparison  of  the  Figs.  5  and  6  show  that  the 
contribution  of  the  absorbed  energy  to  the 
extinction  cross  section  is  higher  in  a  high  loss 
tangent  material. 

4.  CONCLUSIONS 

Absorption  properties  of  simple  shapes  can  be  used 
for  EMI  reduction.  Evaluation  of  electromagnetic 
absorption  properties  of  various  shapes  and  materials 
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Fig  8.  The  extinction  efficiency  of  thin  cylinder 
(vertical  polarization),  er  -  4  -  0.1/ . 


Fig.  9..  The  absorption  effectiveness  of  thin  cylinder 
(vertical  polarization,  e r  =  4  -  0.1/ . 

usually  depend  on  experimental  techniques  and  hard  to 
analyze  mathematically  Electromagnetic  properties  of 
simple  shapes  can  be  computed  using  the  techniques  in 
literature. 

Rayleigh  approximation  gives  information  about  a 
number  of  shapes  in  aspect  of  their  absorption  and 
scattered  Josses,  although  it  does  not  satisfy  energy 
conservation.  The  Improved  Rayleigh  approximation 
satisfies  energy  conservation  and  is  used  to  evaluate 
the  electromagnetic  absorption  properties  of  simple 
shapes.  In  this  work,  the  absorption  effectiveness  is 
defined  as  the  ratio  of  the  absorbed  power  to  the  total 
power  extracted  from  the  incident  beam.  Only  a  method 
obeying  the  energy  conservation  rule  is  suitable  for  the 
computation  of  electromagnetic  absorption  properties. 
The  numerical  results  have  shown  that  Improved 
Rayleigh  approximation  gives  results  as  good  as  the 
exact  solutions  for  the  homogenous  spheres  and 
cylinders  in  the  Rayleigh  region.  Improved  Rayleigh 
approximation  has  a  more  simple  algorithm  than  the 
exact  algorithms  for  spheres  (Mie  solution)  and 
cylinders  (Richmond  solution  in  two  dimensions).  For 


the  purpose  of  comparison  the  material  properties  of  [2] 
are  used.  For  spheres,  it  is  obvious  from  the  numerical 
results  that  the  validity  range  of  the  Improved  Rayleigh 
is  greater  than  the  validity  range  of  the  Rayleigh 
approximation.  For  cylinders,  it  is  slightly  accurate  than 
the  Rayleigh  approximation.  There  are  two  algorithms 
for  exact  evaluation  of  cylinders  which  are  extended  to 
multilayered  cylinder  formulation. 

One  is  the  Richmond  solution  for  infinite  length 
cylinder  and  the  other  is  the  finite  length  cylinder 
solution. 

In  this  work,  these  two  exact  solutions  are  compared 
and  the  evaluation  of  extinction  efficiency  and 
absorption  effectiveness  show  good  agreement. 
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Abstract  :  Switched-mode  power  supplies  are  widely 
acknowledged  as  being  among  the  major  contributors 
to  conducted  emissions  from  modern  electronic 
systems.  In  order  to  reduce  these  emissions,  an  input 
filter  is  used  to  attenuate  the  emissions  conducted  onto 
mains  lines.  The  ability  to  predict  the  attenuation 
which  this  filter  will  provide  is  necessary  in  order  to 
enable  accurate  prediction  of  conducted  emissions. 
Furthermore,  in  order  to  give  realistic  information 
about  filter  performance  under  EMC  test  setup 
conditions,  it  is  necessary  to  model  accurately  the 
attenuation  provided  in  the  presence  of  a  Line 
Impedance  Stabilisation  Network  (LISN)  and  a  mains 
cable,  which  are  standard  elements  of  the  conducted 
emissions  test  setup.  This  paper  outlines  techniques  for 
modelling  of  the  various  filter  and  conducted 
emissions  test  setup  elements.  These  models  are  used 
in  conjunction  with  the  SPICE  circuit  simulator  to 
model  the  attenuation  provided  by  a  sample  filter.  The 
filter  examined  was  used  in  a  40-watt  AC-DC 
converter  marketed  by  Artesyn  Technologies  (formerly 
Computer  Products).  Simulated  attenuation  results 
showed  good  agreement  with  measured  results. 

1.  INTRODUCTION 

Prediction  of  the  conducted  emissions  from  switched- 
mode  power  supply  (SMPS)  equipment  is  difficult  to 
achieve  but  increasingly  necessary  in  the  light  of  the 
presence  of  world-wide  EMC  standards.  A  more 
realistic  target  is  the  prediction  of  the  performance  of 
the  input  filter  used  by  SMPS  equipment  to  suppress 
conducted  emissions.  Although  most  of  the  techniques 
used  in  input  filters  are  relatively  standard  (e.g.  the  use 
of  X-caps.  Y-caps  and  common-mode  chokes),  the 
prediction  of  the  attenuation  provided  by  ‘real-life’ 
filters  combining  these  circuit  elements  is  an  area 


which  has  received  relatively  little  attention.  The  fact 
that  these  ‘real-life’  filters  also  contain  PCB  tracks 
which  must  be  modelled  accurately  in  order  to  obtain 
useful  results  in  the  conducted  EMI  frequency  range 
adds  an  extra  level  of  complexity  to  the  problem. 

2.  FILTER  COMPONENT  EQUIVALENT 
CIRCUIT  EXTRACTION 

2.1  General  Filter  Component  Equivalent  Circuit 
Extraction 

At  frequencies  in  the  conducted  EMI  range  (150  kHz- 
30MHz),  the  representation  of  discrete  components 
such  as  resistors,  capacitors  etc.  by  their  nominal  value 
alone  is  not  sufficient.  A  lpF  capacitor,  for  example, 
will  have  a  series  inductance  and  resistance  as  well  as 
its  nominal  capacitance.  Similar  equivalent  circuits 
exist  for  other  filter  components  such  as  fuses, 
resistors,  common-mode  chokes,  temperature-variable 
resistors  etc.  The  acquisition  of  equivalent  circuit 
parameter  values  for  each  of  these  filter  components  is 
necessary  to  obtain  the  overall  response  of  the  filter  / 
line  cord  /  LISN  combination.  Therefore,  methods 
must  be  derived  for  the  acquisition  of  parameter  values 
for  the  equivalent  circuit  of  various  filter  components. 
Methods  for  the  acquisition  of  these  parameter  values 
are  relatively  simple  and  well-known  for  many  filter 
components  :  the  series  inductance  of  a  capacitor,  for 
instance,  can  easily  be  determined  using  an  impedance 
analyser  by  isolating  the  parameter  L  in  the  well- 

known  series  resonance  equation  fr  = - 7= . 

Itry/LC 

However,  even  the  seemingly  simple  process  of 
obtaining  the  equivalent  circuit  of  a  capacitor  was 
complicated  by  the  fact  that  the  value  of  the  resistor  R 
in  the  series  RLC  circuit  used  as  the  capacitor 
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equivalent  circuit  was  found  to  vary  with  frequency. 
The  process  of  acquiring  suitable  functions  of 
frequency  to  model  the  variation  of  the  parameter  R 
over  the  conducted  EMI  range,  while  necessary  in 
order  to  accurately  reproduce  the  variation  of  the 
capacitor’s  impedance  in  the  conducted  EMI  range,  is 
largely  an  exercise  in  mathematical  modelling  and  is 
not  presented  here. 

2.2  Common-mode  Choke  Equivalent  Circuit 
Extraction 

The  equivalent  circuit  for  a  common-mode  choke  is 
shown  in  Figure  1 . 


Figure  1  Common-mode  choke  equivalent  circuit 

The  magnitude  of  the  various  parameters  shown  in  the 
equivalent  circuit  in  Figure  1  may  be  obtained  from  the 
frequency  at  which  various  resonances  occur  in  the 
impedance  plots  of  the  common-mode  choke.  In  order 
to  acquire  sufficient  information  to  calculate  all 
parameter  values,  it  is  necessary  to  plot  the  real  and 
imaginary  parts  of  the  choke  impedance  for  the 
following  situations : 

( 1 )  The  impedance  between  both  terminals  which 
connect  to  the  same  phase  when  the  terminals  of 
the  other  phase  are  short-circuited. 

(2)  The  impedance  between  both  terminals  which 
connect  to  the  same  phase  when  the  terminals  of 
the  other  phase  are  open-circuited. 

These  impedance  plots  were  taken  using  a  HP  4 1 94 A 
Impedance  /  Gain-Phase  Analyser.  A  description  of  the 
circuit  analysis  techniques  required  for  the  derivation 
of  equations  leading  to  the  acquisition  of  the  value  of 
the  various  parameters  in  Figure  1  is  outside  the  scope 
of  this  paper.  However,  the  equations  themselves  are 
presented  below. 

L  =  Lin0iC  where  L mo/C  represents  the  inductance 
of  one  phase  of  the  choke  at  low  frequency  with  the 
other  phase  open-circuited 

M  =  ^L(L  -  LinS/c)  where  Lins/C  represents  the 

inductance  of  one  phase  of  the  choke  at  low  frequency 
with  the  other  phase  short-circuited 

C  =  — j— - — -  where  co0  represents  the  angular 

co0(L  +  M) 

frequency  at  which  the  first  resonant  point  occurs  when 
measuring  the  impedance  of  one  phase  with  the  other 


phase  open-circuited  (i.e.  the  first  frequency  point  at 
which  the  imaginary  part  of  the  choke  impedance  is 
zero). 

^2  =  2 Z resonance  where  represents  the 

value  of  the  impedance  of  a  phase  at  the  resonant 
frequency  referred  to  above.  This  will  be  a  totally  real 
impedance. 

R1  is  a  frequency  dependent  parameter  due  to  the  skin 
effect  and  hence  is  proportional  to  the  square-root  of 
frequency.  The  proportionality  constant  may  be  found 
by  measuring  the  resistance  of  a  phase  at  a  number  of 
different  low  frequencies  and  choosing  a  suitable 
proportionality  constant  which  gives  good  agreement 
with  each  of  the  measured  resistances. 


3.  CIRCUIT  EXTRACTION  OF  MAINS  CABLE 
AND  ARTIFICIAL  MAINS  NETWORK 
3.1  Circuit  Extraction  of  Mains  Cable 
Many  models  of  conducted  EMI  test  set-ups- (e.g.  [1]) 
show  the  LISN  connected  to  the  equipment  under  test 
via  a  short-circuit.  At  frequencies  in  the  conducted 
EMI  range,  however,  it  is  necessary  to  incorporate  a 
transmission-line  model  for  the  mains  cable  in  order  to 
yield  the  accurate  model  of  the  mains  cable  /  LISN 
combination  which  is  necessary  to  facilitate  accurate 
prediction  of  input  filter  attenuation  in  a  real  conducted 
EMI  test  environment. 

Figure  2  shows  the  equivalent  circuit  for  a  1 -metre 
mains  cable  used  for  connecting  the  power  supply 
under  test  to  the  LISN.  The  value  of  C  was  easily 
obtained  by  measuring  the  capacitance  between  any 
two  phases  of  the  mains  cable  at  low  frequency  :  the 
acquisition  of  the  values  of  L  and  M  was  a  little  more 
complex,  however,  and  required  the  taking  of  a 
number  of  different  readings  in  order  to  construct  two 
simultaneous  equations  in  L  and  M  which  yielded  the 
required  inductance  and  mutual  inductance  values. 
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Figure  2  Equivalent  Circuit  of  a  1-metre  line 

Note  :  In  Figure  2,  L,  C  and  M  are  per-unit  length 
parameters. 

In  addition,  it  was  found  that  it  was  necessary  to 
include  a  frequency-dependent  resistor  in  series  with 
each  inductor  in  order  to  incorporate  skin  depth 
effects. 

3.2  Circuit  Extraction  of  Artificial  Mains  Network 
The  equivalent  circuit  of  the  artificial  mains  network 
(LISN)  was  modelled  directly  on  the  actual  LISN 
components.  This  equivalent  circuit  is  shown  in  Figure 
3.  It  was  assumed  that  at  frequencies  of  150  kHz  and 
above,  the  impedance  of  the  capacitors  becomes 
negligible.  It  should  be  noted  that  the  510  resistor 
shown  in  Figure  3  would  have  been  expected  from 
quoted  LISN  component  values  to  have  had  a  value  of 
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50Q  :  its  value  had  to  be  increased  slightly  to  51Q  to 
effect  a  closer  agreement  between  measured  results  and 
SPICE  simulation  results. 

*5wH  To  aata  a*  filar 


Figure  3  LISN  equivalent  circuit 

4.  MODELLING  OF  THE  PCB 
In  modelling  the  PCB  of  the  filter  network,  it  was 
found  necessary  to  consider  the  effect  of  the  self¬ 
inductances  of  the  connecting  lengths  of  track  and 
also  the  effect  of  mutual  inductances  involving  loops 
with  large  relative  areas.  These  self  and  mutual 
inductances  were  calculated  using  analytical  formulae 
which  have  been  derived  at  the  University  of 
Limerick.  Obviously,  analytical  formulae  are  only 
useful  for  simple  PCB  geometries  :  in  order  to 
facilitate  the  modelling  of  the  complex  filter  PCB 
layout  using  these  formulae,  the  filter  layout  was 
reduced  to  a  number  of  straight  and  orthogonal  track 
sections  which  could  then  easily  be  analysed  using  the 
analytical  formulae  available. 

5.  TEST  SETUP  USED  FOR  EXPERIMENTAL 
MEASUREMENTS 

In  order  to  model  the  attenuation  provided  by  the 
sample  filter,  a  test  PCB  was  constructed.  This  PCB 
reproduced  the  layout  of  the  Artesyn  Technologies 
power  supply  input  filter,  with  additional  tracking 
which  facilitated  injection  of  both  a  common-mode 
and  differential-mode  signal  to  the  filter.  This 
additional  tracking  was  laid  out  in  order  to  minimise 
its  effect  on  the  original  system  response. 

The  filter  performance  was  observed  by  feeding  a  0 
dBm  signal  from  the  tracking  generator  output  of  a 
spectrum  analyser  into  the  signal  injection  section  of 
the  test  PCB.  The  filter  response  could  then  be 
measured  at  the  LISN  connected  to  the  phase  under 
test  (filter  performance  was  measured  for  both 
phases).  The  test  set-up  used  for  the  experimental 
measurements  is  shown  below.  A  single-pole,  double¬ 
throw  switch  is  used  to  select  between  injection  of  a 
common-mode  signal  and  a  differential-mode  signal. 


Figure  4  Generic  Test  Setup  (Common-Mode  and 
Differential  Mode) 


6.  COMPARISON  OF  RESULTS 
In  order  to  assess  the  performance  of  the  input  filter, 
the  response  of  a  number  of  different  configurations 
was  measured.  For  each  case,  the  measured  response 
was  compared  with  the  simulated  response  obtained 
using  SPICE.  For  each  different  configuration  (e.g. 
different  mains  cable  length,  common  or  differential¬ 
mode  signal  etc.),  the  attenuation  on  both  phases  was 
measured  :  only  the  neutral  phase  has  been  shown  here 
since  attenuation  on  the  live  phase  was  almost 
identical  in  all  cases. 

Furthermore,  the  measured  response  for  one  of  the 
configurations  (1 -metre  cable  from  power  supply  to 
LISN  ;  common  mode  attenuation  ;  neutral  phase)  was 
compared  with  the  simulated  response  for  that 
configuration  in  the  absence  of  PCB  modelling  :  this 
comparison  was  carried  out  in  order  to  emphasis  the 
importance  of  PCB  modelling  if  close  agreement  is  to 
be  obtained  between  measured  and  simulated  results. 
This  comparison  is  shown  in  Figure  5.  It  can  be  seen 
that  up  to  60  dB  disparity  is  seen  between  simulated 
and  measured  results  when  PCB  track  models  are  not 
included. 
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Figure  5  Effect  of  Omitting  PCB  Models 

Figure  6  compares  the  simulated  and  measured 
attenuation  provided  on  the  neutral  phase  to  a 
common-mode  signal  with  a  1-metre  mains  cable  from 
the  power  supply  to  the  LISN.  It  can  be  seen  that 
excellent  agreement  (maximum  disparity  of 
approximately  3  dB)  is  achieved  between  simulated 
and  measured  results,  thereby  verifying  the  accuracy 
of  the  modelling  approach  taken.  There  is,  however,  a 
relatively  large  disparity  between  simulated  and 
measured  results  in  the  frequency  region  between 
approximately  27  MHz  and  30  MHz.  Disparities  in 
this  frequency  region  were  seen  for  all  configurations 
tested  :  considerable  difficulty  was  encountered  in 
obtaining  reproducible  test  results  in  this  area  of  the 
spectrum.  These  problems  were  thought  to  be  due  to  a 
cable  resonance  or  a  resonance  associated  with  the 
shielded  room  being  used. 
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Figure  6  Comparison  of  Common-Mode  Attenuation 

Figure  7  compares  the  simulated  and  measured 
attenuation  provided  on  the  neutral  phase  to  a 
differential-mode  signal  with  a  1 -metre  mains  cable 
from  the  power  supply  to  the  L1SN.  Once  again,  it  can 
be  seen  that  good  agreement  (within  approximately  5 
dB)  is  achieved  between  simulated  and  measured 
results. 
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Figure  7  Comparison  of  Differential-Mode  Attenuation 

Figure  8  illustrates  the  effect  of  mains  cable  length  on 
filter  performance  within  the  system.  It  can  be  seen 
that  cable  length  has  a  significant  effect  on  filter 
response  within  the  system.  Comparing  Figure  8  with 
Figure  6.  which  shows  common-mode  attenuation  with 
a  1 -metre  mains  cable,  it  can  be  seen  that  there  is  a 
significant  difference  (both  for  simulated  and  measured 
results)  between  the  attenuation  provided  in  the  1- 
metre  case  and  that  provided  in  the  2-metre  case  :  the 
2-metre  cable  system  provides  more  attenuation  than 
the  1-metre  system  below  25  MHz  but  less  from  25 
MHz  to  30  MHz.  This  shows  the  importance  of 
accurate  mains  cable  modelling  when  attempting  to 
predicted  conducted  emissions  in  a  conducted  EMI 
test  environment. 
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Figure  8  Effect  of  Cable  Length 
7.  CONCLUSIONS 

A  set  of  techniques  was  developed  which  facilitated 
the  acquisition  of  accurate  models  for  the  different 
elements  affecting  the  attenuation  provided  by  a 
switched-mode  power  supply  input  filter  in  a 
conducted  EMI  test  environment.  These  models  were 
used  in  conjunction  with  the  SPICE  circuit  simulator 
to  predict  the  attenuation  provided  by  a  sample  filter 
for  a  number  of  different  situations.  It  was  found  that 
in  order  to  obtain  accurate  predicted  results  from 
SPICE,  it  was  necessary  to  include  accurate  models  of 
not  only  the  filter  components  themselves  but  also  of 
the  PCB  tracking  and  of  the  mains  cable  connecting 
the  power  supply  to  the  LISN. 
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1.  ABSTRACT 

New  results  of  the  investigation  of  shielded 
dielectric  ball  resonator  (DBR)  with  whispering  gallery 
modes  {WGM’s )  are  represented.  The  characteristic 
relations  TM  and  TE  modes  are  obtained.  The 
dependence  of  resonant  frequencies  and  Q-factor  of 
WGM’s  on  resonator  parameters  have  been  calculated 
numerically.  It  is  shown  that  the  shielding  of  DBR 
provides  the  increasing  modes  Q-factor  in  ten  times.  A 
good  agreement  between  theoretical  and  experimental 
results  are  obtained. 

2.  INTRODUCTION 

Dielectric  resonators  with  modes  called  traditionally 
whispering  galleiy  modes  (WGM’s)  [  1,2]  have 
recently  become  more  popular  [  3-6  ].  In  quasioptical 
dielectric  resonators  ( D  >  1 0A  d  ,  where  D  is 
diameter  of  resonator,  A  d  is  the  wavelength)  these 
modes  are  formed  by  the  grazing  traveling  waves  inside 
dielectric  with  small  incidence  angles,  their  reflection 
factor  being  close  to  1.  Most  of  the  modal  energy  is 
confined  between  the  external  and  inner  modal  caustic. 
Near  this  region  the  electromagnetic  fields  are 
evanescent .  That  is  why  their  electromagnetic  field  is 
localized  in  the  vicinity  of  resonator’s  inner  surface,  as 
the  result  these  modes  have  a  high  Q-factor  ,  but  also  a 
dense  spectrum  of  resonant  frequencies.  Various 
advantages  of  WGM’s  resonators  suggest  their 
utilization  in  microwave  and  millimeter  wave  devices 
such  as  directional  filters,  power  combiners  [7], 
bandstop  filters  [  3],  solid-state  oscillators  [8],sensors 
for  study  of  various  materials  [9], 

One  of  the  most  important  limits  of  the  wide  usage 
in  practice  of  dielectric  resonators  with  WGM’s  is  the 
problem  of  their  electromagnetic  compatibility  with 


other  elements  and  devices  because  of  their  open 
nature  and  parasitic  wave  radiation.  The  open  nature  of 
the  resonators  leads  to  the  system  sensitiveness  to  the 
external  medium  and  elements.  It  can  display  in  non¬ 
control  frequency  and  Q-factor  oscillations  and  cross 
coupling  with  external  circuits.  One  of  this  problem 
solutions  is  shielding  of  resonators  [4,10], 

During  the  calculation  and  experimental 
investigation  of  shielding  cylindrical  systems  appears 
the  difficulties  through  the  limited  axial  side  and  dense 
spectrum  of  oscillations.  There  is  an  quite  important 
problem  such  as  an  effective  excitation  of  WGM’s 
these  resonators. 

In  this  paper  the  shielding  of  the  dielectric  ball 
resonator  (DBR)  with  WGM’s  is  investigated.  The 
choice  of  this  system  is  determined  that  DBR  modes 
can  be  analyzed  by  strict  methods  and  are  used  in 
millimeter  and  optical  techniques  at  the  present  time 
[9,11],  We  first  derive  characteristic  equations  for 
shielded  DBR  modes.  Then  we  calculated  the  resonant 
frequencies,  the  Q-factor  (depending  on  dielectric, 
radiation,  and  conductor  losses)  for  WGM’s  of  the  open 
DBR  and  at  the  presence  of  the  metal  shield.  The 
resonant  frequencies,  Q-factor  of  open  and  shielded 
hemispheric  dielectric  resonator  were  measured 
experimentally. 

3.  THEORY 

Consider  the  shielded  DBR  as  a  layered  spherical 
resonator  shown  in  Fig.l  (insect).  In  this  resonator 
independence  TM{Hr-0)  and  TE(Er  =  0) 
resonant  oscillations  exist.  Their  electromagnetic  field 
components  are  determined  via  potentials  U  and  V  , 
respectively,  which  are  the  solutions  of  wave  equation 
(¥  =  £/, F): 
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Divide  the  resonator  into  three  areas  (Fig.  1.,  insect), 
which  are  characterized  by  dielectric  permeability 
Aina 

eue,ySi.  Here£,= - ,  a  is  the  metal 

123  co 

conductivity,  0)  is  a  resonant  frequency.  The  depth  of 
the  field  penetration  into  metal  is  small  as  compared 
with  the  thickness  of  metal  shield.  We  can  neglect  the 
reflect  wave  from  external  metal  side.  The  solutions  of 
(1)  in  each  area  are 

Wj  =  Rjr)Pnm(cosd)e^-°* 
where  n  and  m  are  polar  and  azimuth  indices, 

P™  (x)  is  the  Legendre  function 

ftp,  =  Avj„(yfckr),  0 <r<rx 
R%  =  By  j„  (Js2kr)  +  Aj,  (^kr)  ,r,  <r  <r2 

r^ri 

JM  rjn(x),  hSKx)  are  spherical  Bessel, 

Neamann,  and  Hankel  functions  for  the  first  order, 
which  connect  with  cylindrical  function 

2(x),N  ,  (x),H  ,  (x)  ,  respectively,  in  the 
"+2  ”+2 
following  correlation: 


A¥,B¥, D , L¥  are  constants  ,  which  determinate 
via  one  from  otliers  at  the  satisfaction  of  boundary 
conditions  at  r  =  r,  and  r2 .  Using  the  continuity  of 
tangential-field  components  on  each  layer  surface  of  the 
resonator,  we  come  to  the  characteristic  relation,  which 
determinate  the  resonant  frequencies  of  TM  and 
TE  modes 


=  i(\+i/3¥)hi')(J%x2)  ,  (2) 


4.  RESULTS 

We  study  one  of  the  most  important  situation:  a 
teflon  ball  is  inside  of  a  copper  spherical  shield.  The 
calculation  have  been  obtained  for  TMnmX  and  TEnmX 

modes.  The  teflon  dielectric  losses  tangent  tan  <5  and 
the  conductivity  of  copper  a  at  the  room  temperature 

are  tan  5  =  1.786*1  O'4,  a  =  1.5-10’V .  The 
radius  of  the  teflon  ball  r,  is  constant  ,  but  shield 
radius  r2  is  varied,  £x  =  2.08,  s2  =  1 . 


Ar,  mm 


Fig.l  The  dependence  of  the  resonant  frequencies 
/  of  TE20ml  of  the  shielded  DBR  on  the  difference 

of  the  shield  radius  and  dielectric  ball  one  A r ; 
r,  =19  mm.  Insect:  The  schematic  drawing  of 
shielded  DBR. 


where  prime  denotes  derivative  with  respect  to  the 
argument. 


Fig.  2  The  dependence  of  Q-factor  of  TE2 0mI 
modes  of  shielded  DBR  on  the  difference  A r ; 
r,  =  19  mm. 
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Fig.  1,2  show  the  influence  of  the  metal  shield 
radius  on  the  resonant  frequency  and  unloaded 
7M20fflI  modes  Q-factor  for  the  dielectric  ball  with 
rx  =  19  mm.  It  is  shown  that  the  resonant  frequency 
increases  at  the  increasing  the  gap  value  between  the 
dielectric  ball  and  the  shield  at  0  <  Ar  ^  4 ,  where 
A r  =  r2  -  r, .  This  resonant  frequency  is  constant  at 
Ar  >  4  and  is  equal  the  resonant  frequency  of  open 
DBR.  Q-factor  has  a  little  change  near  the 
Qd  =  (tan  d)  '  level .  At  Ar  =  0  ,  Q  <  Qd  because 
of  the  conductor  losses  of  shield,  but  at  Ar>4: 

Q~Y  Qd'  where  T  is  the  electric  energy  filling 
factor  of  the  dielectric. 

Let  us  noted  that  the  area  of  dielectric  ball 
oscillations  and  ring  resonator  ones  interaction  exists  at 
the  following  increasing  of  the  gap  between  the 
dielectric  ball  and  the  metal  shield.  Then  the  influence 
of  the  metal  shield  on  the  resonant  ball  frequency  is  not 
observed  practically. 

The  value  of  TE2 0mX  modes  Q-factor  of  the  open 
dielectric  DBR  with  rx  =  19  mm  is  400  [12]  ,  because 
of  radiation  losses.  Thus  the  modes  Q-factor  increasing 
is  observed  in  the  shielding  DBR.  This  Q-factor  is  10 
times  more  than  in  open  DBR  with  the  same  radius. 
We  can  have  such  TEnmX  modes  Q-factor  in  open  DBR 
if  the  radiation  losses  are  neglected  as  compared  with 
dissipation  losses  in  dielectric.  For  this  purpose  it  is 
necessary  to  increase  the  polar  index  and  the  radius  of 
the  ball  to  keep  the  resonant  frequency  as  a  constant. 
The  calculation  carried  out  in  our  paper  [12]  show  that 
TEnmX  radiation  losses  is  neglected  at  n  >  40 .  In  this 

case  the  teflon  ball  radius  must  be  40  mm  to  allow 
42  GHz  resonant  frequency. 

The  increasing  of  WGM’s  Q-factor  in  the  shielded 
DBR  is  explained  by  the  localization  field  effect  in  the 
dielectric  ball  at  the  determining  system  parameters.  It 
confirms  the  dependence  Q-factor  on  shield  radius 
which  we  obtained  from  (2)  at  8 "  =  0 .  It  has 
non-monotone  character  at  the  gap  deviation 
0  <  Ar  <  10  mm,  approaching  the  value  Qmax  ~  1010. 
It  means  that  at  such  gap  values  in  considering 
resonator  the  WGM’s  field  is  localized  close  the 
dielectric  ball.  The  similar  effect  is  observed  in  shielded 
cylindrical  resonators  with  WGM’s  [4,10],  But  at  the 
shielded  DBR  the  value  of  this  effect  higher  than  in 
cylindrical  one,  because  of  the  resonant  system  is 
homogeneous  and  symmetrical.  This  property  can  be 
used  to  reduce  the  size  and  prize  of  DBR  to  provide  the 
electromagnetic  compatibility  with  other  elements  and 
devices. 

The  investigation  of  different  WGM’s  shielded  DBR 
has  been  carried  out  for  the  ball  radius  rd  =  39  mm. 
In  considering  frequency  band  the  modes  of  the 


resonator  can  have  both  high  radiation  losses  and  small 
ones,  it  depends  on  polar  index.  As  the  results  the  Q- 
factor  of  partial  modes  of  open  DBR  are  as  following: 

TM^ml  -2.5-103,7E,0„|  -3.05-101, 

7M„„,-5.6-105,re„.,-  536-10’ . 

In  Fig.  3,4  it  is  shown  the  dependence  of  the 
resonant  frequencies  of  partial  modes  Q-factor  in  the 
shielded  resonator  on  the  gap  value  Ar .  At  the  small 
Ar  the  metal  shield  has  stronger  influence  on 
TE  modes  than  on  TM  ones.  In  the  area  of 
«undisturbed»  DBR  Q-factor  of  TM  modes  higher 
than  TE  ones,  and  it  depends  on  n  more.  In  this  case 
TM  modes  Q-factor  is  increased  with  decreasing  n . 
Thus  at  the  field 


Fig.  3  The  dependence  of  the  resonant  frequencies 
of  lM20mX  (solid  curves)  and  TE20mX  (dashed  curves) 
modes  of  DBR  on  the  difference  Ar;  rx  =  39  mm. 


Fig.  4  The  dependence  of  Q-factor  of  TMnmX  (solid 
curves)  and  TEnmX  (dashed  curves)  modes  of  DBR  on 
A r ;  r,  =  39  mm. 
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localization  in  the  dielectric  ball  the  part  of  the  field 
is  deflecting  into  the  gap  as  in  the  open  structure.  The 
difference  in  the  dependence  Q  on  n  TE  and  7M 
modes  we  can  explain  that  TE  modes  in  the  ball  have 
stronger  wave  slowing-down  than  7M  ones  [12], 
Q-factor  of  7M  modes  in  the  shielded  DBR  at  the 
increasing  n  will  increase  till  the  modes  field  reach  to 
the  metal  shield. 

At  the  experiment  the  one  half  of  the  resonator  is 
flat  mirror.  WGM’s  of  such  hemispheric  shielded 
resonator  is  provided  by  a  empty  metal  waveguide  via 
a  split  of  coupling  in  this  mirror.  It  is  allowed  to  solve 
the  problem  of  coupling  with  the  field  of  shielded  DBR 
localized  close  the  dielectric  ball.  In  the  teflon 
resonator  with  r,  =  42  mm  the  value  of  eigen  Q-factor 

at  the  resonant  frequency  39  GHz  is  6.3' 103.  This 
value  has  a  good  correlation  with  the  calculated  one. 
Q-factor  of  open  hemispheric  resonator  is  5  *103  [12]. 

5.  CONCLUSION 

The  shielding  of  the  dielectric  ball  resonator  with 
WGM’s  is  necessary  for  solving  the  problem  of 
electromagnetic  compatibility  tills  resonator  with  other 
devices.  Obtained  characteristic  relations  allow  to 
calculate  with  sufficient  exactness  the  resonant 
frequencies  and  Q-factor  of  different  modes  of  shielded 
DBR.  It  is  shown  that  at  the  definite  parameters  of  the 
resonant  system  Q-factor  of  shielded  DBR  in  ten  times 
more  than  one  of  the  open  DBR.  The  physics  of  this 
phenomenon  is  the  effect  of  field  localization  of  the 
dielectric  ball  WGM’s  in  the  dielectric  and  the  air  gap 
nearby  the  latter.  The  original  method  was  worked  out 
for  the  excitation  of  the  shielded  resonator  modes. 
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This  paper  is  devoted  to  the  investigation 
of  frequency  characteristics  of  waveguide 
sections  with  the  positioned  inside  them  single- 
and  multi-layered  composite  gyromagnetic  thick 
films  for  elaboration  of  filters  of  spurious 
electromagnetic  radiation  (filters  of  lower 
frequencies)  with  minimum  losses  in  the  pass- 
band,  maximum  abrupt  slope  of  the  amplitude- 
frequency  characteristic  and  maximum  possible 
losses  outside  the  pass-band. 

1.  INTRODUCTION 

Filtering  of  unwanted  oscillations  is  the 
urgent  problem  for  EMC  of  microwave  apparatus 
and  reduction  of  electromagnetic  radiation  [1].  For 
this  problem  solution  various  absorbing  materials 
and  coatings  (of  interferention,  resistive  type)  are 
being  elaborated  [1,2].  Most  of  these  materials 
and  coatings  absorb  electromagnetic  radiation 
only  in  a  narrow  frequency  band  and  only  at  few 
certain  modes.  At  the  design  of  the  corresponding 
filters  there  are  problems  connected  with  the 
forming  of  the  desired  amplitude-frequency 
characteristic.  Elaboration  of  frequency-selective 
absorbers  of  unwanted  and  harmful  radiation  is 
an  actual  problem,  because  microwaves  are 
being  widely  used  nowadays  in  the  systems  of 
data  transmission,  radar  technique,  in 
technological  installations  and  for  other  purposes. 
The  most  widely-spread  way  of  the  spurious 
radiation  suppression  in  the  microwave 
transmitting  systems  is  the  application  of  filters. 
The  choosing  of  the  filter  type  is  determined  by 
the  demands  to  its  frequency  characteristic, 
matching  of  the  filter  with  the  main  path,  value  of 
the  induced  attenuation  on  the  frequencies  of 


spurious  oscillations  and  on  the  main  harmonic, 
electrical  strength  of  the  filter. 

Filters,  mainly  applied  nowadays,  are  of 
the  reflecting  type,  and  they  as  a  rule  don’t  satisfy 
the  stringent  demands  to  the  mass  and  size 
parameters;  their  constructions  are  very 
complicated  for  technological  reproduction,  and 
including  the  filter  into  the  path  leads  to  the 
essential  decrease  of  the  electrical  strength  of  the 
path.  That’s  why  it  is  urgent  to  develop  filters  of 
harmonics  which  get  rid  of  the  mentioned  above 
shortcomings,  and  which  satisfy  the  demands  to 
the  efficiency  of  the  spurious  oscillations 
suppression.  Filter  with  the  improved 
characteristics  may  be  elaborated  on  base  of  the 
composite  gyromagnetic  material  (CGM),  where 
the  phenomena  of  natural  ferromagnetic 
resonance  (NFMR)  takes  place. 

The  construction  of  the  filter  contains  the 
waveguide  section  with  inner  walls  covered  by  the 
CGM  with  frequency-selective  magnetic  losses. 
The  CGM  employed  in  the  filter  is  the  mixture  of 
hexagonal  polycrystalline  ferrite  powders 
distributed  in  the  dielectric  bond. 

2.  PECULIARITIES  OF  COMPOSITE 
GYROMAGNETIC  MATERIALS  AND  FILMS  ON 
THEIR  BASE 

Our  investigations  had  shown  that  at  the 
interaction  of  the  particles  of  magnetouniaxial 
hexagonal  ferrites  with  the  electromagnetic  wave 
there  is  efficient  absorption  of  the  microwave 
energy  in  the  vicinity  of  the  NFMR.  In  the 
frequency  regions  far  from  the  NFMR  interaction 
is  practically  absent.  If  the  CGM  is  formed  in  such 
a  way  that  its  NFMR  coincides  with  the 
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frequencies  of  the  spurious  radiation  of  the 
microwave  source,  it  is  possible  to  produce 
microwave  transmission  line  with  large  losses  at 
these  frequencies  and  low  losses  in  the  main 
operating  range. 

The  NFMR  curve  form  as  well  as  central 
resonance  frequency  depend  on  the  chemical 
structure  of  hexagonal  ferrites.  Introduction  of 
different  doping  ions  into  the  main  hexagonal 
ferrite  allows  to  shift  the  central  NFMR  frequency 
to  the  side  of  its  increase  or,  vice  versa,  decrease. 
The  produced  nowadays  hexagonal  ferrites  have 
the  NFMR'  at  frequencies  from  1  to  120  GHz. 
Using  the  combination  of  the  powders  of  different 
hexagonal  ferrites,  it  is  possible  to  get  composite 
materials  with  the  desired  amplitude-frequency 
characteristics. 

The  frequency  characteristics  of 
composite  gyromagnetic  thick  films  (CGTF)  on 
base  of  the  CGM  have  been  studied.  Single¬ 
layered  CGTF  is  the  layer  of  CGM  from  0.2  to  2 
mm  thick.  As  required  by  epending  to  application 
of  the  films  they  can  be  placed  on  either  metal  or 
dielectric  substrate. 

Due  to  a  number  of  physical  features  of 
hexagonal  ferrites  (absence  of  conductivity  losses 
at  resonance  absorption  of  electromagnetic 
waves  energy;  high  inner  crystallographic 
anisotropy  magnetic  field;  strong  dependence  of 
the  crystallographic  anisotropy  field  and  the 
NFMR  line  width  on  the  chemical  formula  of  the 
powder),  the  films  on  their  base  have  a  number  of 
advantages: 

•  resist  high  power  levels  (PaVer  ~1  kW); 

•  don’t  need  high  fields  of  magnetization; 

•  allow  to  get  the  needed  frequency 
characteristic  by  means  of  varying  the 
chemical  structure  of  powders,  position  and 
profile  of  the  CGTF; 

•  have  good  matching  with  the  waveguide 
transmission  line. 

The  advantage  of  CGM  is  technological 
reproduction  ability  and  simplicity  of  their 
production.  It  is  possible  to  produce  the  filtering  of 
unwanted  oscillations,  putting  the  CGTM  on  the 
waveguide  inner  walls  of  the  existing  microwave 
device  without  variation  of  its  basic  construction. 

3.  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

Investigation  of  the  CGTF  were  carried 
out  on  the  waveguide  section  in  the  frequency 
range  from  8  to  37,5  GHz.  CGTF  were  placed  on 
the  walls  of  the  waveguide,  and  the  measurement 
of  reflection  and  transmission  coefficients  for  the 
waveguide  with  the  film  were  carried  out. 

Fig. la  demonstrates  the  dependence  of 
the  microwave  energy  absorption  in  the 


waveguide  transmission  line  on  the  frequency  at 
placing  films  on  the  narrow  wall;  and  in  Fig. 1b 
there  is  shown  the  same  dependence  for  the  film 
on  the  wide  wall. 


Using  the  mixtures  of  hexagonal  ferrites 
with  various  NFMR  frequencies,  it  is  possible  to 
control  the  frequency  characteristic  of  the  films 
absorption.  In  Fig.2  there  is  absorption  of 
microwave  energy  in  the  waveguide  with  the  film 
on  base  of  a  mixture  of  two  hexagonal  ferrites 
with  different  chemical  structures.  This  film  is 
placed  on  the  wide  wall  of  the  waveguide. 


Fig.2. 
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For  the  increase  of  absorption  in  the 
waveguide  with  films  the  multi-layered 
composition  gyromagnetic  thick  films  were 
produced. 

Multi-layered  CGTF  are  the  absorption 
structure  consisting  of  layeres  of  the  CGM  and 
dielectric  slabs  between  these  layeres.  Like  in  the 
case  of  single-layered  films,  the  absorption  in 
them  is  conditioned  by  presence  of  the  doped 
barium  hexagonal  ferrites.  But  this  class  of 
materials  has  a  number  of  peculiarities,  giving 
them  a  number  of  advantages  over  the  single¬ 
layered  structures. 

As  a  matter  of  fact,  the  multi-layered  film 
is  a  combination  of  two  single-layered  ones  with  a 
dielectric  layer  between  them. 

In  the  investigations  of  multi-layered 
CGTF  there  were  used  special  samples  of  multi¬ 
layered  films  as  well  as  a  packet  of  two  single¬ 
layered  with  previously  known  characteristics. 

First,  investigation  of  the  thickness 
influence  of  dielectric  layer  on  the  value  of 
absorption  in  the  multi-layered  CGTF,  was  carried 
out.  In  this  experiment  between  the  ferrite  films 
placed  near  the  narrow  wall  of  the  waveguide 
dielectric  slabs  of  different  thickness  were  placed 
in  turn.  For  CGTF  with  different  dielectric  slabs 
the  dependence  of  absorption  on  the  frequency 
are  represented  in  Fig. 3. 


There  is  an  optimum  thickness  of  the 
dielectric  layer.  In  the  present  case  maximum 
absorption  of  the  microwaves  is  observed  at  the 
dielectric  slab  having  thickness  0,3  mm. 

The  laboratory  samples  of  multi-layered 
CGTF  were  produced  and  absorption  of 
microwaves  was  studied  at  the  films  positioned  on 
the  wide  and  narrow  wails  of  the  waveguide. 
Absorption  characteristic  with  of  fluoroplastic  slab 
is  represented  in  Fig.4. 


As  it  is  seen  from  the  obtained  results 
there  is  increase  of  absorption  in  multi-layered 
film  compared  to  the  single-layered  ones.  There  is 
also  evident  shift  of  the  central  resonance 
frequency  at  varying  the  dielectric  thickness. 
Absorption  in  multi-layered  films  is  essentially 
more  than  in  the  single-layered  ones. 

Multi-layered  CGTF  with  frequency 
characteristic  shown  in  Fig.4  provides 
suppression  30-40  dB  in  frequency  range  from  14 
to  18  GHz.  At  frequencies  7-8  GHz  losses  don’t 
exceed  0.2-0. 3  dB. 

3.  CONCLUSION 

Application  of  CGM  and  thick  films  on 
their  base  allows  to  produce  filtering  devices  of 
absorbing  type  with  the  desired  form  of  amplitude- 
frequency  characteristic. 

Technological  simplicity,  possibility  to 
work  at  high  power  levels,  efficient  suppression  of 
spurious  oscillations  in  devices  on  base  of  the 
CGM  and  CGTF  allow  to  use  these  materials  for 
electromagnetic  compatibility  of  microwave  active 
devices  without  varying  their  basic  construction. 
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ABSTRACT 

Electromagnetic  interference  is  a  specific  kind  of 
environmental  pollution.  Although  metals  can  provide 
adequate  shielding  against  EMI,  conductive  polymer 
composites  are  being  increasingly  used  too.  Structure 
and  distribution  of  electroconductive  fillers  or  their 
aggregates  play  the  key  role  in  the  control  of  complex 
permittivity.  Materials  with  short  carbon  fibres  have 
very  near  threshold  of  percolation  (a  4  vol.%).  By 
means  of  the  microencapsulation  technology  composite 
materials  with  high  loading  of  short  carbon  fibres  were 
prepared  without  reaching  the  threshold  of  percolation. 
Carbon  fibres  were  coated  with  epoxy  resin  or  PMMA 
(polvmethylmetacrylate)  and  imbedded  into  epoxy  resin 
as  a  polymer  matrix.  Electrical  properties  of  these 
materials  were  studied. 

1.  INTRODUCTION 

Absorption  of  electromagnetic  waves  is  the  irreversible 
conversion  of  electromagnetic  energy  into  the  heat. 
Material  loss  is  the  loss  that  occurs  after  the  wave 
enters  the  material.  The  basic  characteristic  of  this 
process  is  complex  permittivity  (for  magnetic  fillers 
complex  permeability  must  be  determined  as  well).  The 
complex  dielectric  permitivity  is  usually  defined  by 

e*=e'-j.s”  (1) 

where  the  real  part  (s'),  related  to  the  storage  of  energy, 
is  commonly  known  as  the  dielectric  constant;  the 
imaginary  part  (e"),  related  to  the  energy  loss  of  the 
system,  is  generally  called  the  loss  factor.  The  ratio  of 
the  imaginary  to  the  real  parts  (e'/e”)  is  the  dissipation 
factor,  which  represents  tan  5,  where  5  is  the  angle 
between  voltage  and  the  changing  current,  i.e.  the  lag 
in  the  displacement  current  vector  due  to  the  presence 
of  the  dielectric  [  1  ] . 

The  electrical  conduction  process  in  carbon  fibre- 
polymer  composites  (or  conductive  filler  -  polymer 
composites  in  general)  is  complicated  and  dependent  on 


number  of  parameters,  mainly  on  filler  concentration. 
In  addition  to  the  amount  of  loading,  particle  size, 
geometry  and  structure,  filler-matrix  interactions 
(wettability)  and  processing  techniques  (disspergation) 
are  the  main  factors  in  determining  the  electrical 
properties.  The  DC  electrical  conductivity  of  these 
composites  was  experimentally  found  to  exhibit  a 
threshold  behaviour.  For  the  low  filler  concentration 
the  particles  of  conductive  fillers  are  isolated  to  such 
extend  that  the  resistance  is  large.  The  conductivity 
increases  abruptly  at  a  certain  interval  of  concentrations 
of  fillers  reaching  the  so-called  percolation  threshold.  It 
is  a  consequence  of  the  appearance  of  the  first 
conducting  path  through  composite.  The  percolation 
theory  predicts  a  conductivity  above  the  percolation 
threshold  by  a  simple  power  law  [2,3] 

a  =  a0  (p  -  pc)‘  (2) 

where  p  is  the  conductive  phase  volume  fraction.  pc  is 
the  conductive  phase  volume  fraction  at  the  percolation 
threshold,  i.e.  the  volume  fraction  below  which  the 
conductivity  falls  to  a  veiy  small  value,  a„  is  the 
conductivity  of  the  conducting  filler,  t  =  1.6  to  1.9  [4], 
The  theoretical  description  of  this  complicated 
phenomena  was  developed  for  spherical  and  cylindrical 
shape  of  fillers.  It  gives  a  very  rough  estimation  for 
practise  and  the  model  is  valid  mainly  for  DC  current 
or  low  frequency  range.  Anisotropic  percolation  model 
has  been  studied  for  2D  composites  with  short  fibres  by 
means  of  Monte  Carlo  method  [5], 

For  alternating  current  the  problem  is  more 
complicated.  The  description  of  material  must  be  done 
by  complex  permittivity  and  composite  is  modelled  by  a 
so-called  effective  medium  theory.  The  satisfactoiy 
model  is  valid  for  spherical  and  cylindrical  particles 
and  for  volume  fraction  below  0.3  [6], 

In  composites  with  conductive  fillers  the  dependence  of 
conductivity  on  frequency  is  qualitatively  described  by 
the  model  of  an  RC  (resistor  -  capacitor)  circuit 
(Fig.  1).  According  to  this  model,  the  particles  of  the 
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conducting  filler  are  approximated  by  resistors  (RF), 
and  the  resistance  of  contacts  between  two  particles 
(which  is  a  sum  of  the  resistance  of  the  interfacial 
boundary  and  the  polymer  layer  between  the  particles) 
is  modelled  by  a  capacitor  (CM)  and  a  resistor  (RM) 
arranged  in  parallel.  Hence,  a  composite  may  be 
described  by  a  set  of  RC  circuits  or  by  a  single  RC 
circuit  with  averaged  parameters  [7], 


(polymer).  There  are  many  methods  of 
microencapsulation.  The  most  widely  used  methods  are 
physically  -  chemical  methods  [9j.  The  idea  of  fibre 
coating  originated  during  our  co-operation  with  the 
Chalmers  University  of  Technology  Gothenburg 
(Sweden)  [10]. 

2.  EXPERIMENTAL 
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Fig.  1.  Equivalent  RC  circuit  in  the  contact  region  of 
carbon  fibres 

At  low  frequencies,  the  current  flows  through  the 
contact  resistance  since  it  is  blocked  at  the  contact 
capacitance.  The  net  resistance  of  the  fibre  in  series 
with  the  contact  region  is  RF  +  Rm  At  high  frequencies, 
the  impedance  of  the  contact  capacitance  is  much  lower 
than  the  contact  resistance  and  the  current  flows 
through  the  contact  capacitance.  Furthermore,  since  the 
capacitor’s  impedance  is  much  lower  than  the  fibre 
resistance,  the  net  resistance  at  the  high  frequencies  is 
equal  to  RF.  which  is  lower  than  the  net  resistance  (Rf 
+  Rm)  for  the  low  frequencies  [8],  Thus,  the 
conductivity  of  a  specimen  starts  to  rise  from  its  DC 
value  (ctl)  at  a  characteristic  frequency  and  levels  off  at 
a  higher  value  (cth)  which  is  that  of  the  carbon  fibres 
alone. 

Materials  with  good  electromagnetic  field  absorption 
are  distinguished  for  relatively  high  values  of  real  and 
imaginary  parts  of  complex  permittivity  (s',  e").  High 
values  of  permittivity  can  be  reached  by  presence  of 
high  quantity  of  dipoles  (in  this  case  dipoles  are 
represented  by  particles  of  electroconductive  filler)  in 
electrically  non-conductive  material  [1].  As  the 
material  becomes  electrically  conductive  for  high 
volume  fraction  of  electroconductive  filler  in  the 
composite  due  to  contacts  of  filler  particles,  it  is 
necessary  to  protect  the  particles  from  connecting  each 
other  and  creating  an  electrically  conductive  path  in  the 
material.  This  aim  can  be  reached  by  coating  the 
particles  with  thin  insulating  layer  of  non-conductive 
polymer.  For  this  purpose  microencapsulation 
technique  can  be  used. 

Microencapsulation  is  a  process  of  enclosing  small 
particles  into  the  thin  coat  of  film-forming  material 


2.1.  Materials 

Short  carbon  fibres,  Bestfight,  HTA  -  7  -  12,000;  PAN 
precursor,  were  produced  by  Toho  Rayon  Co.Ltd. 
(Japan).  Parameters  of  the  fibre:  diameter  0  =  7  pm, 
length  1  =  3  mm,  density  p  =  1,76  g/cm3,  electric 
volume  resistivity  pR  =  18. 10'6  Q.m. 
Polymethylmethacrylate,  Akrylon,  was  manufactured 
by  PCHZ  Filina  (Slovakia).  Parameters  of  PMMA: 
density  p  =  1.17  g/cm3,  electric  volume  resistivity  pR  > 
Iff13  Q.m. 

Low  temperature  liquid  epoxy  resin,  ChS  Epoxy  531 
and  curing  agent  Pll  (diethylentriamine),  produced  in 
Spolek  pro  chemickou  a  hutni  vyrobu  (Czech 
Republic),  were  used  in  present  work.  Parameters  of  the 
cured  epoxy:  density  p  =  1.2  g/cm3,  electric  volume 
resistivity  pR  >  10'12  Q.m. 

2.2.  Samples  preparation 

Many  technologies  of  encapsulation  were  examined  to 
get  the  coating  on  the  fibre  surface  (polymerization, 
electropolymerization,  coacervation,  thermogelation, 
precipitation).  The  best  results  were  obtained  using  the 
precipitation  technology.  Although  the  polymer  layer 
on  the  fibre  surface  didn’t  have  uniform  thickness,  the 
coating  results  were  satisfying  for  our  purpose.  Carbon 
fibres  were  coated  with  PMMA  or  epoxy  resin.  The 
surface  of  carbon  fibre  was  covered  with  a  beads  of 
polymer  as  spacers. 

Encapsulated  fibres  were  cut  to  the  length  of  101  -  102 
pm  and  these  particles  were  embedded  in  low 
temperature  liquid  epoxy  resin.  Composite  samples 
with  7,  10  and  15  wt.%  of  carbon  fibres  and  low 
temperature  liquid  epoxy  resin  as  a  matrix  were 
prepared  using  press  moulding. 

2.3.  Evaluation  of  Electrical  Properties 

The  electrical  conductivity  and  the  dynamic  electrical 
properties  were  measured  through  the  vertical  thickness 
of  a  round  specimen  of  15  mm  in  diameter.  For  the  DC 
conductivity  measurements,  electroconductive  rubber 
(Rhone  Poulenc)  was  used  to  ensure  a  good  contact  of 
the  sample  surface  with  electrodes.  The  DC  electrical 
conductivity  of  the  samples  was  measured  using  a 
KEITHLEY  617  Programmable  Electrometer  and  the 
values  varied  over  the  range  from  1012  -  10'7  S.m'1. 
Dielectric  properties  (AC  behaviour)  of  these  materials 
were  measured  on  Hewlett  -  Packard  4291  A 
Impedance  and  Material  Analyser  in  the  frequency 
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range  100  MHz  -  1.8  GHz  and  the  temperature  range 
20  -  160  °C. 

3.  RESULTS  AND  DISCUSSION 

Figures  2  and  3  show  real  and  imaginary  parts  of 
complex  permittivity  as  a  function  of  frequency  (100 
MHz  -  1,3  GHz)  and  temperature  (20  -  160  °C)  for  the 
sample  with  10  wt%  of  carbon  fibres.  It  can  be  seen 
that  e'  and  e"  are  increasing  with  temperature.  These 
values  rise  also  with  increased  loading  of  composite 
samples.  The  values  of  dielectric  loss,  which  represent 
the  energy  changed  into  heat  in  the  material,  are  quite 
high. 


Fig.  2.  Temperature  dependence  of  real  part  of 
permittivity  (dielectric  constant)  on  frequency  - 
10  wt.%  of  carbon  fibres 


Fig.  4.  Temperature  dependence  of  AC  conductivity 
7wt.%  of  carbon  fibres 


Fig.  5.  Temperature  dependence  of  AC  conductivity  - 
10 wt.%  of  carbon  fibres 

The  AC  conductivity  was  calculated  from  the  dielectric 
loss  and  the  values  varied  over  the  range  from  10'3  to 
10°  S.m'1.  By  plotting  the  electrical  conductivity  (its 
logarithmic  values)  against  reciprocal  temperature  we 
expected  to  obtain  a  straight  line  according  to  the 
following  equations: 


ct  =  G0  exp(-AE/kT) 

(3) 

In  a  =  In  a0  -  AE/kT 

(4) 

In  a0  =  a  +  b  AE 

(5) 

Fig.  3.  Temperature  dependence  of  imaginary  part  of 
permittivity  (loss  tangent)  on  frequency  - 
10wt.%  of  carbon  fibres 


where  a  is  the  conductivity,  a0  is  the  pre-exponencial 
factor,  AE  is  an  activation  energy,  k  is  Boltzmann’s 
constant,  T  is  the  absolute  temperature,  a  and  b  are 
constants. 
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This  was  true  for  low  loading  of  carbon  fibres  (7  wt.%  - 
Fig.  4.)  but  this  assumption  failed  at  higher  loading  (15 
wt.%  -  Fig.  6.)  and  unexpected  jump  in  conductivity 
occurred  in  the  temperature  range  82  -  112  °C.  The 
origin  of  this  behaviour  is  not  fully  understood  and  it  is 
still  under  investigation. 


Fig.  6.  Temperature  dependence  of  AC  conductivity  - 
15wl.%  of  carbon  fibres 

4.  CONCLUSIONS 

Our  aim  was  to  prepare  material  with  high  values  of 
permittivity  using  methods  of  polymer  engineering. 
The  interest  in  such  material  derives  from  light  weight, 
ease  of  processability  of  the  polymer  components, 
attractive  mechanical  properties,  environmental 
stability  and  good  thermal  conductivity  in  concern 
with  desired  dynamic  mechanical  properties.  Dielectric 
composite  materials  with  relatively  high  loading  of 
conducting  particles  from  carbon  fibres  were  prepared. 
As  it  was  observed  from  the  measurements  of  dynamic 
electrical  properties,  these  materials  have  high 
dielectric  loss  and  thus,  good  ability  to  absorb 
electromagnetic  energy.  This  kind  of  material  could  be 
useful  in  the  field  of  EMC  or  for  the  development  of 
human  body  phantoms.  Although  ceramic  materials 
(BaTi03  and  others)  showing  high  values  of 
permittivity  are  already  known,  they  cannot  be  used  for 
all  the  purposes  because  of  their  brittleness  and  high 
weight. 
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ABSTRACT 

Shielding  quality  testing  of  EMI  gasketed  joints 
was  measured  on  24  samples  of  gasketed  joints 
before  and  after  the  gasketed  joints  were  subjected 
to  a  moisture/heat  soak.  The  gaskets  were 
stainless  steel  and  tin-plated  stainless  steel  using  3 
resiliencies  of  each  gasket.  The  joint  surfaces  were 
tin,  nickel,  chemical  film  and  unplated  6061-T6 
aluminum.  The  moisture/heat  soak  was  performed 
per  MIL-T-28800E.  Plotted  graphs  and  a  tabular 
summary  of  the  results  are  illustrated  along  with  a 
summary  of  results  and  conclusion. 

1.  SUMMARY 

1.1.  The  shielding  quality  of  EMI  gaskets  is  a 
function  of  the  joint  surface  preparation,  the  gasket 
type  and  configuration  as  well  as  the  force  of  the 
gasket  against  the  joint  surface.  The  shielding  of  a 
gasketed  seam  is  known  to  degrade  with  time  from 
oxidation  (and  sulfurization  as  related  to  the  use  of 
silver  gaskets)  of  the  gasket  and  joint  surface  due 
to  the  presence  of  moisture  and  heat  as  well  as 
other  environmental  conditions  such  as  salt  fog, 
vibration,  shock,  thermal  shock,  etc. 

1.2.  The  shielding  quality  of  stainless  steel  and  tin¬ 
plated  stainless  steel  EMI  gaskets  was  measured 
against  tin-plated,  nickel-plated,  chemical  film- 
plated  and  unplated  6061 -T6  aluminum  joint 
surfaces.  Three  resiliencies  of  the  stainless  steel 
and  tin-plated  stainless  steel  gaskets  were  used. 
The  resiliencies  (force  of  gasket  against  the  joint 
surfaces)  were  approximately  2,  10  and  30  pounds 
per  linear  inch. 

1.3.  The  results  illustrated  that  the  shielding  quality 
of  the  gasketed  joints  is  greatly  dependent  upon 
the  joint  surface  preparation.  The  loss  of  shielding 
due  to  moisture  soak  can  be  significant.  A 


surprising  result  was  that  the  stainless  steel 
gaskets  illustrated  better  shielding  against  the 
nickel-plated  surface  than  the  tin-plated  gaskets.  In 
all  instances,  the  chemical  film-plated  surfaces 
produced  the  lowest  level  of  shielding.  The  force  of 
the  gasket  on  the  joint  surfaces  was  not  as 
significant  a  consideration  as  the  other  variables 
tested. 

2.  TEST  CONDITIONS 

2.1.  Twenty-four  (24)  EMI  gasketed  joints  were 
subjected  to  transfer  impedance  testing.  The  test 
sequence  consisted  of  performing  the  transfer 
impedance  testing,  subjecting  the  gaskets  to  164 
hours  of  heat/humidity  soak  and  re-running  the 
transfer  impedance  testing. 

2.2.  The  gaskets  under  test  consisted  of  three 
resiliencies  of  stainless  steel  and  tin-plated 
stainless  steel  gasket  types.  The  force  of  the 
gasket  exerted  on  the  joint  surface  was 
approximately  2  pounds,  10  pounds  and  30 
pounds  per  linear  inch. 

2.3.  The  joint  surfaces  were  constructed  from 
6061-T6  aluminum  per  QQ-A-200/8.  The  plating 
was  electro-tin  per  MIL-T-10727,  electroless  nickel 
per  MIL-C-26084  and  chemical  film  per  MIL-C- 
5541,  Class  3. 

2.4.  The  164  hours  of  heat/humidity  soak  was 
performed  in  accordance  with  MIL-T-28800  for 
Class  2  equipment. 

2.5.  The  transfer  impedance  testing  was  performed 
using  the  methodology  of  SAE-ARP-1705.  The 
transfer  impedance  test  results  were  converted  to 
shielding  quality  data  using  theoretical  shielding 
effectiveness  conversion  equations. 
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100  MHz  500  MHz  1GHz 

Frequency 

Figure  I.  Shielding  Quality  of  Stainless  Steel  Gasket  exerting  2 
pounds/inch  force  against  Joint  Surfaces  before  Moisture  Soak 


Frequency 

Figure  3.  Shielding  Quality-  of  Stainless  Steel  Gasket  exerting  10 
pounds/inch  force  against  Joint  Surfaces  before  Moisture  Soak 


100  MHz  500MHz  1GHz 


Frequency 

Figure  5.  Shielding  Quality  of  Stainless  Steel  Gasket  exerting  30 
pounds/inch  force  against  Joint  Surfaces  before  Moisture  Soak 


Frequency 

Figure  7.  Shielding  Quality  of  Tin  Plated  Gasket  exerting  2 

pounds/inch  force  against  Joint  Surfaces  before  Moisture  Soak 


100  MHz  500  MHz  1GHz 


Frequency 

Figure  2.  Shielding  Quality  of  Stainless  Steel  Gasket  exerting  2 
pounds/inch  force  against  Joint  Surfaces  after  Moisture  Soak 


100  MHz  500  MHz  ~  . . 1  GHz 


Frequency 

Figure  4.  Shielding  Quality  ofStainless  Steel  Gasket  exerting  10 
pounds/inch  force  against  Joint  Surfaces  after  Moisture  Soak 
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100  MHz  500  MHz 


Frequency 

Figure  6.  Shielding  Quality  ofStainless  Steel  Gasket  exerting  30 
pounds/inch  force  against  Joint  Surfaces  after  Moisture  Soak 


Frequency 

Figure  8.  Shielding  Quality  of  Tin  Plated  Gasket  exerting  2 

pounds/inch  force  against  Joint  Surfaces  after  Moisture  Soak 


Shielding.  Quality  Shielding  Quality 
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Figure  9.  Shielding  Quality  of  Tin  Plated  Gasket  exerting  10 

pounds/inch  force  against  Joint  Surfaces  before  Moisture  Soak 


Figure  10.  Shielding  Quality  ofTin  Plated  Gasket  exerting  10 
pounds/inch  force  against  Joint  Surfaces  after  Moisture  Soak 


Figure  1 1  Shielding  Quality  ofTin  Plated  Gasket  exerting  30 

pounds/inch  force  against  Joint  Surfaces  before  Moisture  Soak 


Frequency 

Figure  1 2.  Shielding  Quality  ofTin  Plated  Gasket  exerting  30 
pounds/inch  force  against  Joint  Surfaces  after  Moisture  Soak 


Shielding  Qualtity  (dB) 

Gasket 

Joint  Surface 

100  MHz 

500  MHz 

1  GHz 

Preparation 

Before 
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A 

Before 

After 

— 

Before 

After 

m i 

Stainless  Steel 

Tin 

81 

70 

11 

86 

82 

mm 

91 

88 

3 

(2  Ibs./in. 

Nickel 

107 

92 

15 

106 

87 

19 

104 

84 

20 

of  Force) 

Chem  Film 

94 

62 

32 

91 

67 

24 

89 

74 

15 

Unplated 

94 

68 

26 

91 

71 

89 

77 

12 

Stainless  Steel 

Tin 

89 

72 

17 

88 

83 

5 

92 

85 

m 

(10  Ibs./in. 

Nickel 

121 

109 

12 

119 

107 

12 

118 

103 

15l 

of  Force) 

Chem  Film 

95 

80 

15 

93 

78 

15 

93 

78 

■a 

Unplated 

107 

83 

24 

104 

80 

24 

104 

80 

24l 

Tin 

97 

81 

16 

96 

87 

9 

98 

94 

mm 

(30  Ibs./in. 

Nickel 

120 

106 

14 

120 

104 

16 

118 

103 

15 

of  Force) 

Chem  Film 

104 

79 

25 

101 

76 

25 

98 

77 

21 

Unplated 

106 

104 

2 

105 

99 

6 

103 

96 

m 

Table  1.  Test  Results  of  Stainless  Steel  Gaskets 
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37 
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33 
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99 

29 

Stainless  Steel 
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96 

31 
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88 

38 
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86 

37 

(2  Ibs./in. 

Chem  Film 
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75 

27 

100 

70 

30 

98 

76 

22 

wmmzmm 

Unplated 
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32 

132 

98 

34 

127 

94 

33 

Tin-Plated 

Tin 
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23 

140 
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15 

134 

124 

10 

Stainless  Steel 

Nickel 

128 

97 

31 

124 

92 

32 

122 

99 

23 

(10  Ibs./in. 

Chem  Film 

111 

85 

26 

108 

80 

28 

108 

81 

27 

of  Force) 

Unplated 

144 
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37 
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100 

28 

124 

97 

27 

Tin-Plated 

Tin 
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7 

138 

134 

4 

132 

131 

1 

Stainless  Steel 

Nickel 

135 

111 

24 

132 

108 

24 
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107 

21 

(30  Ibs./in. 

Chem  Film 
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75 

30 
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76 

26 

99 

79 

20 

of  Force) 

Unplated 
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117 

27 
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26 
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23 

Table  2.  Test  Results  of  Tin-Plated  Gasket  ! 

3.  RESULTS 

3.1.  The  results  are  illustrated  in  graphical  form  in 
Figures  1  through  6.  They  have  also  been  put  in 
tabular  form  and  placed  in  Tables  1  and  2.  The 
information  in  Tables  1  and  2  lists  the  shielding 
quality  of  the  gasketed  joints  at  100,  500  and  1000 
MHz  before  performing  the  moisture/heat  soak, 
after  performing  the  moisture/heat  soak  and  the 
loss  of  shielding  as  a  result  of  the  moisture/heat 
soak  for  each  of  the  24  samples  under  test. 

4.  CONCLUSION 

The  information  gained  in  the  testing  illustrated 
significant  results  (some  expected,  some  not).  A 
summary  of  these  results  are  as  follows: 

4.1.  General  Conclusions 

4.1.1.  The  shielding  effectiveness  of  EMI 
gasketed  seams  or  joints  degrade  due  to  aging 
as  a  result  of  moisture  and  heat  which  an 
electronic  system  is  expected  to  encounter  in 
its  lifetime 

4.1.2.  Stainless  steel  (or  monel)  gaskets 
should  be  used  if  the  joint  surfaces  are  to  be 
nickel-plated. 

4.1.3.  Chemical  film  plating  of  an  aluminum 
surface  significantly  reduces  the  shielding  of  a 
gasketed  joint. 


4.2.  Tin-plated  stainless  steel  gaskets 

4.2.1.  The  highest  level  of  shielding  was 
obtained  using  the  tin-plated  joint  surfaces. 

4.2.2.  The  degree  of  loss  of  shielding  when 
using  the  tin-plated  joint  surfaces  was  less  with 
the  higher  force  gaskets. 

4.2.3.  The  chemical  film  plating  joint  surfaces 
provided  the  lowest  level  of  shielding  of  the 
joint  surfaces  under  test 

4.3.  Stainless  Steel  Gaskets 

4.3.1.  The  highest  level  of  shielding  was 
obtained  using  the  nickel-plated  joint  surface. 

4.3.2.  Plating  the  joint  surfaces  with  tin  proved 
to  be  non-productive. 
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The  microwave  absorption  properties  of  M-type 
hexagonal  ferrites  were  investigated.  The  complex 
permeability  and  permittivity  were  measured  using  a 
network  analyzer.  In  the  BaFeI2.x(TiCo)  xQ19  system, 
the  ferrimagnetic  resonance  frequency  shifts  down  to 
the  1  ~ 20  GHz  range,  when  x  is  increased.  Due  to  the 
relatively  high  IX’’  value,  thin  matching  thicknesses  of 
0.9 '-'1.9mm  were  obtained  in  the  5 '-'10  GHz  range. 

The  frequency  characteristics  of  U’  and  IX’’  were 
analyzed  and  simulated  successfully  using  a  parallel 
resonant  circuit  model  based  on  the  crystalline 
structure.  Dual  peak  characteristics  of  IX  ’’  were 
observed  for  a  certain  sintering  temperature  and 
duration,  and  a  relative  absorption  bandwidth  of  16  % 
was  obtained.  The  simulation  showed  that  a  wider 
absorption  bandwidth  of  33  %  may  be  possible. 

1.  INTRODUCTION 

Metal-backed  impedance  matched  absorbers  made 
from  spinel  type  ferrites,  have  good  absorption 
properties  in  the  hundreds  of  MHz  range,  and  are 
widely  used  to  prevent  problems  in  VHF  broadcasts, 
such  as  TV  ghost  images.[l]  Recently,  communication 
tools  using  the  GHz  frequency  range  have  become 
popular,  and  so  electromagnetic  wave  absorbing 
materials  in  the  GHz  range  are  needed  to  reduce  EMI 
problems.  The  spinel  ferrites,  however,  do  not  work 
well  in  the  GHz  range  because  of  a  decrease  in 
permeability  (£tr’,/r.’’).[ 2]  A  composite  material  with 
ferrite  powder  shows  better  absorption  in  this  frequency 
range,  but  they  have  low  tt  ’{,U  ”  values  and  their 
frequency  characteristics  are  determined  by  the  size  of 
the  powder  and  by  the  mixture  density.  Therefore  it  is 
difficult  to  reduce  the  thickness  and  to  widen  the 
absorption  bandwidth. 

It  is  known  that  M-type  hexagonal  ferrites  have  a 
ferrimagnetic  resonance  frequency  (fr )  of  50~60GHz. 
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Aramaki  Aoba-ku  Sendai  980-77, 

Japan 

And  it  is  also  known  that  the  fr  can  be  shifted  to  a  lower 
frequency  by  reducing  the  crystalline  magnetic 
anisotropy.  However,  little  work  has  been  done  on  the 
analysis  of  the  relationship  between  the  ferrimagnetic 
resonance  phenomena  and  the  required  conditions  for 
microwave  absorption.[3]  In  our  previous  work  it  was 
found  that  M-type  Ba  ferrite  BaFe12-x(TiCo)xOi9,  in 
which  Fe3+  is  suitably  substituted  by  (Ti4+Co2+)3+, 
exhibits  ferrimagnetic  resonance  in  the  1~20  GHz 
range. 

The  purpose  of  this  study  is  to  investigate  the 
relationship  between  microwave  absorption  and  the 
material  constants  in  BaFei2.x(TiCo)xOi9,  and  to 
determine  the  conditions  required  for  a  wide  band 
absorber  in  the  GHz  range. 

2.  EXPERIMENT 

M-type  Ba  ferrite  BaFei2-x(TiCo)xOi9  was 
prepared  by  the  conventional  powder  metallurgy 
method.  The  starting  materials  (BaC03,  Ti02,  CoO  and 
a-Fe203  purity>99%)  were  mixed  in  a  planetary  ball- 
mill,  and  compacted  into  (/>  30Xl0mm  pellets.  After 
the  pellets  were  calcinated  at  1 150*0  in  air  for  3  hours, 
they  were  milled  for  24  hours  to  produce  a  sub-micron 
powder.  The  powder  was  compacted  into  blocks  with 
the  size  20  X 10X  10mm3,  and  then  sintered  in  air  at 
1200~1350O,  for  different  times  from  6  min  to  100 
hours.  The  sample  for  the  measurement  was  cut  and 
precisely  polished  into  a  toroidal  shape  with  outer  and 
inner  diameters  of  7.00mm  and  3.04mm,  respectively. 
The  sample  was  inserted  into  a  7mm  coaxial  holder 
which  is  connected  to  a  vector  network  analyzer 
HP8510C. 

The  complex  permeability  ( ur= (i’t  —  j  p.’’)  and  the 
complex  permittivity  (  £,  =  s’—  j  e”)  were  calculated 
from  the  values  of  S-parameters  measured  by  the 
network  analyzer.  The  reflection  loss  for  normal 
incidence  was  obtained  by  measuring  Sn  with  the  back 
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3.3  Absorption  conditions  for  rir’and  IX” 

Absorption  boundary  conditions  with  varying 
values  of/and  d, for  certain  given  values  of  fi’t,  !±”,  £’ 
and  £r”,  have  been  widely  reported.[4]  The  upper  and 
lower  limits  for  U  ’  and  IX  ”  to  achieve  a  -20dB 
refection  loss  are  calculated  and  plotted  in  Fig.5  and 
Fig.6  at  thicknesses  rf=1.9mm  and  2.3mm,  respectively. 
Fig.5  shows  the  data  measured  for  a  sample  sintered  for 
10  hours,  and  the  limit  lines  for  IL\  and  IX”.  The  data  of 
U’  fall  between  the  upper  and  lower  limit  lines  at  4.5- 
7.8GHz,  aqd  the  data  of  IX”  fall  between  the  lines  at 
5.7-6.9GHz.  This  means  that  the  metal-backed  sample 
with  thickness  d  should  show  good  absorption  at  the 
common  frequency  range  of  5.7-6.9GHz. 

The  Wr’and  IX”  formed  by  a  single  resonant  peak  will 
cross  the  lines  quickly,  slightly  below  fn  as  shown  in 
Fig.6.  When  two  or  more  peaks  are  combined  together, 
however,  the  resulting  plateau  gives  a  wider  absorption 
bandwidth. 


frequency(GHz) 

Fig.5  !Xtoi  the  10-hour  sintered  sample,  with  lines 
showing  the  lower  and  upper  limits  for  ix\  and  IX” 


frequency(GHz) 

Fig.6  Mrof  the  1-hour  sintered  sample,  with  lines 
showing  the  lower  and  upper  limits  for  li’  and  IX” 


4.  SIMULATION 

Ferrimagnetic  resonance  phenomena  can  be 
modeled  using  an  electronic  resonant  circuit  with  some 
dissipation.  Fig.  7  shows  a  circuit  model  that  simulates 
the  complex  permeability  lls .  It  consists  of  an  L-R 
parallel  circuit  which  expresses  the  domain  wall 


resonance,  and  a  certain  number  ( n )  of  L-C-R  parallel 
resonant  circuits  which  correspond  to  ferrimagnetic 
resonances  in  series. 


Fig.7  Parallel  resonant  circuit  model 


When  the  total  impedance  of  the  circuit  z  is  taken 
as  a  single  inductor  L^,  the  real  part  of  corresponds 
to  the  real  part  of  the  permeability  IX  ’,  and  the 
imaginary  part  of  L ^  corresponds  to  IX”,  as  shown  in 
the  following  equations. 

Z-jwL^  (3) 

i  = _ _ +y _ _ (4) 

4  l+j(a)/0)Jj  *l-(cu/coJ2  +jYjv/(On,) 

where 

03 dw  ~  iw  I  L dw 

^Rn  ~  1 !  Yto  m  yjLfa  !  /  Rfa 

^'-l+Refl^)  (5) 

The  measured  data  and  the  simulated  curves  of  U’T 
and  u”  are  shown  in  Fig.7.  Both  curves  agree  very 
well  even  though  only  3  parallel  circuits  were  used  in 
the  modeling.  The  parameters  oi  ,  L  ^  and  T 
represent  the  resonant  frequency,  volume  content  and 
permeability  and  the  quality  of  crystalline  alignment, 
respectively. 

Judging  from  the  transition  of  the  peak  levels,  each 
crystalline  phase  acts  independently  and  exhibits  its 
own  resonance  and  dispersion  characteristics.  Therefore 
controlling  the  parameters'^  ,  L&, ,  T Hn,)  by  altering 
the  sintering  conditions  ,  and  changing  the  composition, 
should  make  it  possible  to  synthesize  a  thin  wide-band 
absorber. 


398 


end  of  the  sample  electrically  shorted  by  a  conducting 
metal  plate. 

The  air  gaps  between  the  sample  and  the  coaxial 
holder  were  kept  to  less  than  20  Um  which  causes  an 
error  of  1%  in  permeability  and  20%  in  permittivity. 
The  lengths  of  the  ferrite  samples  were  chosen  to  be 
between  0.7  and  3mm  so  as  to  avoid  errors  caused  by 
multiple  reflection  within  the  sample. 

3.  RESULTS 

3.1  Substitution  amount  X  vs  Ur  and  reflection  loss 
In  the  BaFe12,x(TiCo)x019  system  sintered  at  1300*0 
for  2  hours,  the  ferrimagnetic  resonance  frequency  (fr) 
shifts  down  from  14  to  6GHz  when  X  is  increased  from 
1.8  to  2.2, but  almost  the  same  frequency  characteristics 
are  exhibited  in  both  p’  and  £t ”.(Fig.  1) 


Fig.  1  Substitution  amount  X  vs  n  " 


Fig.2  Reflection  loss  vs  X 

3.2  Sintering  time  vs  P”  and  reflection  loss 

Fig.  3  illustrates  the  transition  of  the  peaks  of  p” 
with  sintering  time  t  from  1  to  100  hours,  at  a 
temperature  of  12500.  £  ’  values  were  12.5~13  over 
3  to  20  GHz,  which  are  slightly  lower  than  the  values 
for  the  samples  sintered  at  1300O,  due  to  their  lower 
density.  The  reflection  losses  for  samples  with  optimum 
thicknesses  are  shown  in  Fig.4  . 

The  10-hour  sintered  sample  had  double  peaks  of  p 
”  and  showed  a  good  relative  absorption  bandwidth  of 
16  %.  The  double  peaks  are  considered  to  be  caused  by 
two  different  crystalline  phases.  The  peak  appearing  at 
a  lower  frequency  corresponds  to  the  smaller  grains 
pre-sintered  at  1150111,  and  the  other  peak  is  due  to  the 
crystalline  grain  growth  that  occurs  at  1250X1. 


The  maximum  reflection  loss  F  (dB)  at  the  optimum 
matching  thickness  d  is  calculated  using  the  following 
formulae. 


(1) 


(2) 


where  z^:  input  impedance  of  absorber 
za:  impedance  of  air 
c  :  velocity  of  light 


The  maximum  reflection  loss  values  reached  -25  ~ 
-35dB  for  the  relatively  thin  matching  thicknesses  of 
0.9  ~  1.9mm.  However,  the  relative  absorption 
bandwidth  Af/f  exceeding  -20dB  was  limited  to  5~ 
8  %.  (Fig.  2) 

Measured  data  using  Sn  shows  good  agreement  with 
the  calculated  values.  The  values  of  permittivity  £  r’ 
were  13  ~  14  in  the  range  3  to  20  GHz,  almost  the  same 
as  those  of  conventional  spinel  ferrites.  However  £r” 
values  were  1  ~  1.5  which  is  larger  than  for 
conventional  spinel  ferrites,  and  which  helped  to 
enlarge  the  absorption  bandwidth. 


frequency(GHz) 

Fig.  3  Sintering  time  vs  n  r" 


Fig.  4  Reflection  loss  vs  t 
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frequency(GHz) 

Fig.9  Measured  and  simulated  U 

Fig  9  shows  one  example,  in  which  an  improved 
absorption  bandwidth  of  33  %  was  obtained  by 
modifying  L*.  and  7  It  may  be  that  these  parameters 
can  be  controlled  by  altering  the  duration  of  sintering. 


Fig.9  Optimized  bandwidth 


5.  CONCLUSIONS 

It  was  found  that  M-type  ferrite  BaFe12-x(TiCo)xOi9 
exhibits  good  microwave  absorption  characteristics  in 
the  GHz  range,  with  thin  matching  thicknesses  of  0.9  to 
2.3mm. 

The  frequency  characteristics  of  At’  and  At”  can 
be  controlled  by  varying  the  composition,  sintering 
temperature  and  sintering  duration.  The  10-hour 
sintered  sample  had  double  peaks  of  At  ”  which 
correspond  to  the  difference  in  the  crystalline 
configuration,  and  this  sample  exhibited  a  relative 
absorption  bandwidth  of  16  %. 

TTie  parallel  resonant  circuit  model,  based  on  multi- 
phased  crystalline  configuration,  successfully  simulates 
the  frequency  dependence  of  At  r’  and  At  ”.  The 
simulated  model  shows  that  it  should  be  possible  to 
enlarge  the  relative  bandwidth  to  33%  by  adjusting  the 


sintering  conditions. 
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Paper  analyses  the  characteristics  of  multi-layer 
absorbing  structures  based  on  ferrite  absorbers  which 
are  frequently  used  for  suppressing  the  resonances 
m  shielded  chambers  and  creating  anechoic  rooms 
for  EMC  measurements.  A  combination  of  ferrites 
with  dielectric  layers  or  air  gaps  is  frequently  rec¬ 
ommended  to  improve  the  frequency  dependence  of 
absorbing  performance.  Paper  gives  the  exact  anal¬ 
ysis  of  the  influence  of  the  widths  and  permitivity  of 
these  layers  upon  the  overall  reflectivity  of  the  ab¬ 
sorber  structure  under  the  normal  as  well  as  oblique 
wave  incidence. 

Keywords:  ferrite  absorbers,  reflectivity,  wave 
impedance,  multi-layer  absorbing  structures,  normal 
and  oblique  wave  incidence. 

1.  INTRODUCTION 

Within  recent  times  ferrite  absorbers  are  frequently 
used  for  lining  the  shielded  chambers  to  suppress  res¬ 
onances  inside  them  and  to  create  test  sites  comply¬ 
ing  with  emission  measurement  and  immunity  testing 
requirements.  Designing  of  such  test  rooms  needs  in 
perfect  knowledge  of  absorber  structure  behaviour. 
As  ferrite  absorbers  work  well  in  relatively  narrow 
frequency  band,  experts  try  to  combine  ferrites  with 
dielectric  layers  to  suppress  the  resonant  character  of 
ferrite  absorbers  reflectivity  to  wide  up  the  frequency 
band  of  ferrites  usage.  There  is  lot  of  trials  to  describe 
the  influence  of  additional  dielectric  layers  upon  the 
absorbing  performance  of  so  created  two-layer  or  even 
multi-layer  absorbing  structure.  But  there  are  not  a 
strict  instructions  as:  what  type  of  dielectric  material 
to  use,  with  what  properties,  how  thick  the  dielectric 
layer  has  to  be,  which  ferrite  material  can  be  sup¬ 
ported  with  dielectric,  under  which  conditions  and 
which  can  not.  There  is  still  a  lot  of  unanswered 
questions  concerning  this  topic.  Even  one  of  the  best 
and  newest  papers  [3]  dealing  with  absorber  materi¬ 
als  for  semianechoic  chamber  building  does  not  give  a 
simple  unambiguous  answers  to  this  set  of  questions. 


This  paper  tries  to  bring  an  analytic  analysis  of 
the  reflectivity  of  multi-layer  absorbing  structures 
based  on  the  technique  of  cascade  matrices  intro¬ 
duced  in  [2].  Upon  this  theory  the  paper  gives  the 
results  of  evaluating  the  overall  reflectivity  of  the 
structure  in  frequency  band  from  30  to  1000  MHz. 
The  given  analysis  was  made  for  several  thicknesses 
of  ferrite  layer,  as  well  as  several  thicknesses  of  dielec¬ 
tric  layer  and  for  normal  as  well  as  oblique  incidence 
of  TEM  wave.  The  analysis  was  performed  provided 
that  the  frequency  dependance  of  material  parame¬ 
ters  (/*„(/)  and  €„(/))  is  known.  For  all  examples 
presented  in  this  paper  we  used  the  parameter  char¬ 
acteristics  of  F42  ferrite  material  given  in  manufac¬ 
turer’s  data. 

2.  MULTI-LAYER  ABSORBING  STRUCTURE 
CHARACTERIZATION 

For  evaluation  of  overall  characteristics  of  multi-layer 
absorbing  structure  one  need  to  calculate  the  result¬ 
ing  reflection  losses  or  reflectivity  of  such  a  struc¬ 
ture.  Obviously  this  problem  was  solved  by  grad¬ 
ually  calculating  the  reflectivity  of  each  layer  sub¬ 
structure  from  the  metallic  wall  to  free  space  of  the 
interior  of  the  chamber.  This  technique  was  derived 
for  normal  incidence  of  TEM  wave  on  the  structure 
consisting  of  N  isotropic  linear  homogeneous  mate¬ 
rial  layers.  To  calculate  the  resulting  reflectivity  one 
must  know  such  material  parameters  of  all  layers  as 
complex  permitivity  and  permeability  of  the  media, 
layer  thickness,  frequency  and  polarization  of  the  in¬ 
cidence  of  the  uniform  TEM  wave.  Some  of  these 
parameters  are  frequency  dependent  specially  for  fer¬ 
rite  absorbers,  for  which  the  complex  permeability 
and  permitivity  must  be,  otherwise  they  should  not 
work  in  wide  frequency  range  [1],  This  gradual  calcu¬ 
lation  is  very  cumbersome  if  one  needs  to  analyze  the 
influence  of  layer  parameters  on  overall  reflectivity. 
So  the  different  method  had  to  be  found  to  describe 
the  behaviour  of  the  structure. 
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Characterizing  a  structure  of  several  lossy  layers 
concerning  its  reflection  behaviour  is  a  problem  with 
a  lot  of  degrees  of  freedom.  A  nice  method  was  shown 
in  [2].  It  is  based  on  the  concept  of  cascade  matrices 
as  it  is  known  from  the  transmission  line  theory.  If 
the  structure  has  N  layers,  each  of  the  N-l  layers  can 
be  described  by  means  of  a  cascade  matrix  Av 


Av 


cosh^cC)  Zu  sinh(£„cf„)  \ 
sinh^dy)  cosh(^vciv)  I’  '  ' 


where  dv  stands  for  the  thickness  of  the  layer  v  and 
Z„  is  effective  medium  impedance.  It  depends  on 
polarization  of  the  TEM  wave  and  propagation  con¬ 
stant  Zu .  Z „  is  not  identical  with  the  wave  impedance 
\/Th/ \j(-v  ■ 


?PE  _  yPH  _ 

^1/  e  ^  if  • 

6/ 


(2) 


where  and  e„  are  permeability  and  permitivity  of 
material  in  iz-layer,  u  is  circular  frequency  of  incident 
wave,  PE  labelled  incident  TEM  wave  which  E  field 
is  parallel  to  all  media  boundaries  and  PH  analogous 
for  H  field.  The  propagation  constant  Zu  is  known  for 
TEM- wave  propagation  in  a  homogeneous  medium  v 

Zu  —  \/-u2fj,u(u  +  w2/i0c o  sin  0  (3) 


0  is  the  angle  of  wave  incidence  measured  from  the 
z  direction.  According  to  [2]  cascade  matrix  Gof  the 
whole,  structure  is 


air  gaps  was  very  weak  we  continued  only  with  ferrite 
-  dielectric  -  metal  structure.  In  all  cases  the  ferrite 
layer  represented  the  most  absorbing  part  of  them. 
Only  the  thickness  of  ferrite  layer,  the  permitivity 
and  the  thickness  of  dielectric  layer  were  changing. 
In  all  calculations  the  frequency  dependance  of  reflec¬ 
tivity  T  was  analyzed  for  PE  orientation  of  incident 
wave.  All  calculations  were  made  in  Mathematica 
environment  that  way,  which  allowed  us  to  simply 
change  input  parameters  for  calculation.  A  ferrite 
material  (F42)  with  known  permeability  and  permi¬ 
tivity  was  studied.  The  frequency  characteristics  of 
both  parts  of  complex  permeability  of  ferrite  mate¬ 
rial  are  shown  in  figure  1.  Heal  part  of  permitivity  is 
almost  constant  and  equal  to  12,  imaginary  part  can 
be  neglected.  It  is  clear  that  both  parts  of  complex 
permeability  are  strongly  frequency  dependent. 


Figure  1:  Permeability  fi'  and  \i"  of  used  ferrite  ma¬ 
terial 


G  =  Al  ■  A3  ■  ■■  Ajv-i  •  (4) 


The  reflection  factor  T(z  =  Z\)  at  the  boundary  z  — 
z\  between  medium  0  and  medium  1  can  be  expressed 
by  means  of  all  four  elements  of  matrix  G.  The  full 
formula  is  given  in  [2).  If  medium  0  is  air  and  medium 
N  is  metal,  then  some  simplications  can  be  made  and 
resulting  formula  for  reflection  coefficient  of  PE  wave 
is 


rP£(zl) 


cpe 
(j12 


cos  6 


rPE 
'  ^22 


Gff  +  3^  •  Gtf 


(5) 


Similarly  for  PH  wave 


-i PH 


(Zl)  = 


Gf2"  -  Zo  •  cosQ  ■  G&H 
G\2  +  ZG  ■  cos  0  • 


(6) 


where  Zo  is  free  space  wave  impedance  and  Gij  are 
elements  of  matrix  G. 


3.  CALCULATION  RESULTS 


The  first  analysed  situation  was  ferrite  absorber 
placed  directly  on  metallic  wall.  In  this  case  the  fre¬ 
quency  dependencies  of  reflectivity  (reflection  factor 
expressed  in  dB)  for  different  ferrite  material  thick¬ 
nesses  were  calculated. 


Figure  2:  Frequency  dependence  of  reflectivity  for 
several  ferrite  layer  thicknesses 


On  the  basis  of  shown  method  a  lot  of  calculations  of 
reflectivity  of  different  layers  combinations  were  per¬ 
formed.  The  basic  combination  of  materials  was  fer¬ 
rite  -  air  -  dielectric  -  air  -  metal.  As  the  influence  of 


The  results  for  the  most  often  used  thicknesses 
and  one  unusual  are  shown  in  figure  2.  It  is  evident 
that  in  all  cases  ferrite  absorber  has  strongly  reso¬ 
nant  behaviour.  The  second  evidence  is  that  thin- 
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ner  absorbers  are  less  effective,  minimum  reflectiv¬ 
ity  is  achieved  at  slightly  higher  frequencies,  but  the 
minimum  value  is  higher.  Also  increasing  the  thick¬ 
ness  above  optimum  value,  which  is  6.3  mm  for  this 
material,  rises  up  the  reflectivity  (see  the  curve  for 
10  mm).  This  conclusion  supports  well  known  fact 
that  ferrite  absorbers  are  ’’tuned”  or  better  written  - 
the  thickness  of  ferrite  absorbers  must  be  ’’tuned”1. 
As  some  manufacturers  recommend  to  use  back  di- 


Figure  3:  Reflectivity  coefficient  as  function  of  dielec¬ 
tric  thickness  (dielectric  permitivity  cr  =  2,  ferrite 
thickness  =  6.3  mm). 

electric  layer  to  improve  the  frequency  range  of  suit¬ 
able  reflectivity  [3],  the  second  analysed  case  was  two 
layer  absorbing  structure.  The  backer  layer  material 
was  plywood  which  is  synthetic  material  with  rela¬ 
tive  permitivity  equal  to  cr  =  2  [3].  Figure  3  shows 


2.  1C  0.1 


Figure  4:  Reflectivity  coefficient  as  function  of  dielec¬ 
tric  thickness  in  3D  coordinates  (dielectric  permitiv¬ 
ity  (r  =  8  and  ferrite  thickness  is  6.3  mm,  normal 
incidence). 

the  influence  of  the  thickness  of  this  material  on  the 
structure  reflectivity.  In  this  case  by  increasing  the 
dielectric  thickness  the  position  of  the  minimum  is 

1  Ferrite  absorber  is  in  its  essence  quarter  length  trans¬ 
former,  which  transforms  low  impedance  of  conductive  wall 
(ZN  — *  0)  to  wave  impedance  of  open  air  («  377  O)  to  achieve 
the  lowest  possible  reflection  coefficient  in  the  widest  possible 
frequency  range. 


shifted  to  lower  frequencies  and  the  minimum  value 
is  slightly  riced.  This  calculated  result  is  in  conflict 
with  generally  published  statement,  which  says,  that 
adding  of  dielectric  layer  causes  shifting  of  the  min¬ 
imum  frequency  as  well  as  of  the  whole  characteris¬ 
tics  to  higher  frequencies.  As  the  changes  in  reflec¬ 
tivity  are  significant  especially  at  higher  frequencies, 
this  behaviour  can  be  used  for  ’’tuning”  the  absorber 
structure  [3],  i.e.  to  shift  the  minimum  to  required 
frequency,  but  only  to  lower  frequencies.  Of  course 
this  shift  is  limited  and  is  tied  with  undesired  in¬ 
creasing  of  minimum  value.  In  our  example  for  2  cm 
thick  dielectric  layer  the  minimum  was  shifted  to  2/3 
in  frequency  and  the  minimum  value  was  risen  up 
3  dB.  By  using  dielectric  backer  layer  with  large  rela¬ 
tive  permitivity  and  sufficient  thickness  the  reflectiv¬ 
ity  minimum  is  significantly  shifted  to  lower  frequen¬ 
cies  and  at  the  same  time  second  sharp  minimum 
appears  in  frequency  range  of  interest.  For  better  ex¬ 
planation  of  this  phenomenon  figure  4  was  prepared. 
It  shows  two  dimensional  dependence  of  total  reflec¬ 
tivity  upon  dielectric  backer  layer  thickness  and  fre¬ 
quency  for  6.3  mm  thick  ferrite  but  the  permitivity  is 
higher.  The  diagram  is  oriented  that  way  to  show  the 
shifting  of  the  first  and  the  second  minimum  with  fre¬ 
quency  and  thickness  of  back  dielectric  layer.  Overall 
increasing  of  reflectivity  in  wide  frequency  and  thick¬ 
ness  ranges  is  evident. 


Figure  5:  Reflectivity  coefficient  as  function  of  an¬ 
gle  of  incidence  and  frequency  in  3D  coordinates  (di¬ 
electric  permitivity  er  =  2,  thickness  is  1  cm,  ferrite 
thickness  is  6.3  mm  and  PH  wave). 

In  preceeding  text  we  dealt  with  normally  incident 
wave.  The  fact,  that  there  are  differences  in  both 
nominators  of  eq.(5)  and  (6),  could  lead  to  situation 
when  reflection  coefficient  can  fall  down  to  zero  for 
some  value  of  incident  angle  0.  Similar  preposition 
was  done  in  [6],  in  which  authors  went  out  from  much 
simpler  formula  for  reflection  coefficient  calculation. 
This  simpler  formulation  covered  the  frequency  de¬ 
pendence  of  this  behaviour,  which  could  be  discovered 
when  using  presented  technique.  So  we  analysed  the 
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influence  of  angle  of  incidence  on  the  reflectivity  of 
our  multi-layer  absorbing  structure.  At  first  we  stud¬ 
ied  the  behaviour  of  ferrite  material  without  dielectric 
spacer.  For  PE  wave  the  reflectivity  is  monotonically 
rising  with  angle.  But  for  PH  wave  the  eq.(6)  leads 
to  a  local  minimum.  The  reflectivity  in  dependence 
on  both  incident  angle  and  wave  frequency  is  shown 
in  figure  5.  • 


0  (rad) 

Figure  6:  Dependence  of  reflectivity  on  incident  angle 
for  several  ferrite  layer  thicknesses  and  frequency  of 
220  MHz  (without  dielectric  backer  layer) 

The  minimum  value  of  reflectivity  in  this  figure  is 
more  than  20  dB  lower  than  normal  incidence  min¬ 
imum.  To  see  the  shape  of  interesting  dependence 
curves  we  added  three  more  figures  which  are  sec¬ 
tions  of  the  previous  one.  They  show  the  reflectivity 
as  a  function  of  angle  of  incidence  for  interesting  fer¬ 
rite  widths  (fig.  6)  at  frequency  f=220  MHz  (which  is 


Figure  7:  Frequency  dependence  of  reflectivity  for 
several  ferrite  layer  thicknesses  and  0  =  0.5  (without 
dielectric  layer) 


slightly  below  minimum),  then  reflectivity  as  a  func¬ 
tion  of  frequency  for  the  same  ferrite  widths  and  angle 
of  incidence  equal  to  half  of  the  radian  (0  =  0.5rad) 
for  structure  without  dielectric  (fig.  7)  and  structure 
with  e  =  2  0.5  cm  wide  dielectric  (fig.  8).  From  given 
figures  it  is  evident  that: 

1.  At  resonant  frequency  of  the  ferrite  layer  the 
reflectivity  of  PH  wave  falls  down  with  rising 
the  angle  of  incidence  to  minimum  value.  Then 
it  rises  up  to  0. 


2.  Previous  influence  is  observable  only  in  close 
region  about  resonant  frequency.  This  is  almost 
unrecognizable  at  both  ends  of  frequency  band. 

3.  Last  two  figures  illustrate  that  again  the  backer 
dielectric  layer  shifts  the  position  of  minimum 
to  lower  frequency  while  rising  slightly  the  min¬ 
imum  value.  The  same  influence  as  by  normal 
incidence. 

4.  The  backer  dielectric  layer  slightly  rises  the  re¬ 
flectivity  at  high  frequencies.  This  fact  can  be 
critical  for  absorber  structures  without  foam 
absorbers  in  front  of  ferrite  ones. 


several  ferrite  layer  thicknesses  and  0  =  0.5  (width 
er  =  2,  0.5  cm  dielectric  layer) 

4.  CONCLUSION 

Presented  paper  gave  the  analysis  of  the  influence  of 
ferrite  layer  thickness  as  well  as  the  influence  of  the 
properties  (permitivity  and  thickness)  of  backer  di¬ 
electric  layer  upon  the  total  reflectivity  of  two-layer 
absorbing  structure.  For  this  analysis  cascade  matrix 
method  [2],  known  from  the  circuit  theory  and  trans¬ 
mission  lines  theory,  was  used.  This  allows  very  sim¬ 
ply  to  pick  up  the  influence  of  particular  parameters 
on  total  reflectivity.  The  reflectivity  was  calculated 
for  both  normal  as  well  as  oblique  incidence  of  TEM 
wave.  From  the  given  analysis  it  is  evident  that  pa¬ 
rameters  of  ferrite  absorbers  and  specially  those  of 
backer  dielectric  layer  must  be  very  properly  chosen 
before  anechoic  chamber  building.  Otherwise  the  re¬ 
sulting  behaviour  of  absorbing  structure  can  be  sig¬ 
nificantly  deteriorated.  Most  of  all  this  concerns  the 
thickness  of  backer  dielectric  layer. 

The  calculations  of  the  reflectivity  under  the 
oblique  incidence  show  that  at  resonant  frequency  of 
ferrite  tile  the  reflectivity  of  PH  wave  can  be  lower 
for  small  angles  than  for  normal  incidence.  But  this 
phenomenon  is  observable  only  in  relatively  narrow 
frequency  range. 

Sorrowly  presented  results  could  not  be  supported 
by  measurements  because  our  laboratory  does  not 
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have  appropriate  equipment.  But  they  help  us  to 
select  the  technique  for  lining  our  shielded  chamber 
and  we  consider  them  as  useful  for  future  users  of 
ferrite  absorbers. 
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In  this  paper,  some  examples  will  be  given  where 
the  need  of  large  shielded  rooms  is  needed.  Examples 
can  be  mentioned  as  some  medical  installations  in 
hospitals,  measuring  laboratories  in  the  electronic 
industry,  prohibiting  eavesdropping  of  conference 
rooms ,  etc.  ... 

In  all  cases,  a  carefull  analysis  of  the  needs  must 
be  performed  so  that  no  extra-ordinary  requirements 
are  set  for  the  shielding  level  needed.  In  most  cases, 
a  carefull  use  of  the  zoning  concept  will  lead  into 
reasonable  requirements  for  the  shielding  effectiveness 
of  the  rooms. 

Another  important  point  in  all  this  cases  is  that  the 
ueser  of  the  room  may  not  have  the  impression  to  be 
in  a  shielded  room.  This  is  called  the  psychological 
effect,  and  precautions  must  be  taken  to  have  a  '  nor¬ 
mal'  room  impression. 

Also,  in  many  cases,  these  rooms  must  be  realised 
within  the  existing  building  configuration.  This  retrofit¬ 
ting  will  also  put  extra  requirements  on  the  possible 
techniques  and  technologies  for  the  realisation  of  these 
types  of  rooms.  The  global  set  of  requirements  and 
realisations  is  called  architectural  shielding. 

1.  INTRODUCTION 

Architectural  shielding  is  becoming  an  important  topic, 
as  well  in  relationship  to  EMC  as  to  securing  data  and 
prohibiting  eavesdropping  of  meetings  and  con¬ 
ferences. 

It  is  clear  that  the  required  shielding  level  will  depend 
on  a  number  of  parameters,  which  can  differ  from  case 
to  case.  In  order  to  prevent  some  sensitive  measuring 
equipment  from  wrong  measurements,  shielding  levels 
of  only  20  or  40  dB  will  be  sufficient.  In  other  cases, 
in  order  to  prevent  reception  from  small  wireless 
microphone  at  some  distance,  perhaps  a  global  'shiel¬ 
ding'  of  100  dB  will  be  required.  In  this  context, 
shielding  is  a  wrong  concept,  and  better  is  to  introduce 
the  overall  attenuation  from  source  to  receiving  point. 
This  global  concept  has  also  been  recognized  recently 
by  introducing  the  ZONING  concept  as  a  lower  cost 


alternative  for  die  well-known  TEMPEST  requirements 
related  to  data  security. 

As  a  first  conclusion,  it  can  already  be  stated  that  the 
requested  levels  of  shielding  (or  better:  attenuation) 
in  architectural  applications,  be  directly  depend  on  the 
application  itself,  and  that  appropriate  methods  and 
measures  should  be  applies,  in  order  to  optimise  both 
costs  and  performance. 

2.  ZONING  CONCEPT. 

In  this  section,  the  idea  of  the  zoning  concept  is  intro¬ 
duced  related  to  the  security  requirements  set  by  offi¬ 
cial  agencies.  In  order  to  prevent  the  leakage  of  con¬ 
fidential  data  from  computers  and  electronic  data  trans¬ 
fer  systems,  requirements  were  set  by  governments 
and  official  security  agencies,  and  are  known  as  the 
TEMPEST  requirements.  It  means  that  there  should 
be  no  possibility  -  using  actual  technology  -  to 
eavesdrop  data  from  computers  and  electronic  data 
equipment.  These  requirements  were  found  at  two 
levels:  of  the  equipment  itself,  but  also  on  installata- 
tions.  For  the  latter,  shielding  requirements  were 
defined  for  enclosures,  shelters  and  rooms.  Well 
known  shielding  requirements  were  set  by  the 
American  National  Security  Agengy  (NSA),  and  are 
known  as  the  NSA  65-6  (high  level)  and  NSA  73-2A 
(moderate  level)  specifications.  These  requirements 
are  given  in  fig.  1. 
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fig.  1 .  NSA  specifications  for  shielding  effectiveness 
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However,  it  has  been  observed  that  these  requirements 
were  very  costly,  and  also  not  always  needed  for  all 
applications  involved.  In  order  to  reduce  costs,  the 
ZONE  program  has  been  introduced  in  1 993 .  It  means 
that  different  zones  are  defined,  in  function  of  the 
activities,  access  control,  security, ...  Taking  into  ac¬ 
count  different  effects,  such  as  attenuation  of 
electromagnetic  fields  due  to  distance,  attenuation  of 
die  building  structure  itself,  type  of  data  and  activities 
to  be  secured,  etc.  less  severe  requirements  are  set  for 
both  equipment  and  shielding. 

An  example  of  appropriate  implementation  is  shown 
in  fig.  2.  where  the  Red  Equipment  Area  is  embedded 
within  other  equipment  area's,  with  controlled  access. 


It  is  clear  that  this  concept  of  a  combination  of  carefull 
room  planning,  taking  into  account  the  environment, 
controlled  access  and  the  available  shielding  effective¬ 
ness  offered  by  exiting  walls  and  building  structures 
can  also  applied  to  a  lot  of  other  applications.  Some 
examples  will  be  discussed  in  this  paper  as  examples. 
It  is  clear  that  this  concept  will  drastically  reduce  not 
only  the  shielding  requirements,  but  also  the  costs  of 
these  installations. 


One  remark  should  be  made  in  this  context:  when 
applying  shielding  material  on  a  reinforced  concrete 
wall,  only  a  few  dB  will  be  added  to  the  shielding 
value  of  the  applied  material.  But  a  wall  at  some  dis¬ 
tance  from  a  shielded  room,  will  add  its  dB's  to  the 
overall  shielding. 

4.  EXAMPLES  OF  APPLICATION 

In  this  section,  some  examples  of  combined  zoning 
and  shielding  techniques  will  be  discussed  for  different 
applications.  Depending  on  the  type  of  application, 
more  or  less  severe  shielding  performance  is  required. 

4.1.  Application  in  hospitals. 

Two  typical  applications  in  hospitals  are  the  shielding 
of  an  NMR  installation  and  the  shielding  for  sensitive 
EMG  and  EEG  measurements. 

Concerning  NMR,  shielding  is  needed  in  order  to 
avoid  that  the  environment  is  highly  disturbed  by  both 
the  LF  magnetic  fields  of  the  installation,  and  the 
frequency  whereby  the  NMR  is  operated.  The  typical 
SE  requirement  for  NMR  facilities  is  shown  in  fig.4. 


fig.  4.  Required  SE  for  NMR  facilities. 


3.  BUILDING  SHIELDING  CHARACTERISTICS 

Recently,  some  research  and  studies  have  been 
performed  on  the  shielding  characteristics  of  building 
structures  and  walls.  It  is  also  referred  to  one  of  the 
papers  of  this  session.  Other  work  has  been  published 
recently  [3],  showing  an  average  attenuation  of  about 
20  dB  for  reinforced  concrete  walls. 


fig.  3.  Typical  SE  of  reinforced  concrete  walls 


Another  application  is  the  room  where  the  measure¬ 
ments  for  EMG  or  EEG  are  performed.  Typical  signal 
levels  for  these  measurements  are  in  the  pV  level  and 
require  very  sensitive  electronicequipment,  especially 
the  input  amplifiers  of  the  equipment.  In  order  to 
perform  correctly  these  measurements,  a  lot  of  precau¬ 
tions  must  be  taken,  including  a  high  common  mode 
rejection. 

Although  the  electronic  design  of  the  medical  equi¬ 
pment  has  made  a  big  progress  in  this  field,  the  am¬ 
bient  noise  due  to  all  kind  of  telecommuication 
systems  (radio,  TV,  PCS,  GSM  and  other  mobile  com¬ 
munications)  and  of  electronic  systems  (PCs,  other 
measuring  equipment,  fysiotherapy,  etc. )  is  coupling 
into  the  transducers  and  the  leads  of  these  EMG  and 
EEG  units.  This  can  only  be  avoided  by  reducing  the 
ambient  noise  level  around  the  measuring  unit,  and 
consequently  by  appropriate  shielding  of  these  hospital 
rooms. 
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Medical  room 
Physio  -  therapy 


Short  Wave  Frequencies 
E-H  field  up  to  30  V/m 


Measuring  equipment: 
3V/m  immunity 


— —  Interference  signal 
-  up  to  300  uV/m 


Shielded  room:  60  dB 

Brick  wall 
20  dB 


fig.  5.  Example  of  medical  application 

It  should  be  remarked  that  by  a  carefull  design  of  the 
floorplan,  and  also  by  access  control  of  authorised 
persons,  the  requirements  on  the  shielding  performance 
of  the  room  itself  can  be  drastically  reduced  Reducing 
the  overall  cost  of  the  installation. 

4.2.  Development  laboratories  in  industry. 

Some  development  laboratories  in  the  electronic,  and 
other  industrial  domains,  suffer  from  the  same  problem 
concerning  performing  sensitive  (analog)  measure¬ 
ments.  In  these  cases,  a  low  level  of  ambient  noise 
is  required,  and  the  same  rules  apply  as  in  the  medical 
examples 

Another  situation  encountered  in  industry  is  the 
problem  of  eavesdropping  of  new  developments  and 
designs.  In  this  case,  shielding  will  be  required  in 
order  to  avoid  that  electronic  data  can  be  captured  at 
some  distance.  This  problem  is  identical  to  the  more 
general  ones  of  data  security. 

4.3.  Data  security  of  computers. 

Capturing  data  from  computers  can  be  done  upto  a 
distance  of  some  hundreds  of  meters,  simply  by  using 
appropriate  receiving  equipment  as  a  directive  antenna, 
a  good  receiver  and  a  monitor  or  display.  Data  ap¬ 
pearing  on  the  screen  of  a  PC  can  be  reconstructed 
in  this  way.  To  avoid  this  type  of  spying,  computers 
handling  confidential  data  should  be  operated  in  a 
shielded  room,  and  also  by  skilled  personnel  under 
controlled  access  to  the  computer  rooms. 

Two  examples  are  given  where  the  shielding  require¬ 
ments  can  be  reduced,  with  respect  to  the  overall 
requirements: 

4.3.1.  The  computers  are  operated  in  a  shielded  room, 
and  outside  the  room,  other  computers  and  equipment 
is  operated,  carrying  no  confidential  handling  and  data. 
In  this  way,  the  critical  data  are  embedded  in  the  over¬ 
all  noise  of  the  installation.  By  taking  care  that  I/O 
lines  -  when  needed  -  are  appropriate  shielded  or  im¬ 
plemented  by  optical  fibers,  the  confidential  data  are 


secured  with  respect  to  the  outside  environment- 


shielded  room:  60  dB 


Brick  wall 


fig.  6.  Data  embedding  in  die  ambient  common  noise 

4.3.2.  Another  possibility  for  the  reduction  of  the 
shielding  requirements  is  by  taking  into  account  the 
attenuation  of  electromagnetic  waves  due  to  propaga¬ 
tion  distance.  This  situation  is  sketched  in  the  next 
figure,  showing  an  overall  attenuation  of  100  dB  for 
a  shielded  room  performance  of  60  dB  only. 


Shielded  room:  60  <16 


Brick  wall:  20  dB* 


100  dB 


fig.  7.  Propagation  distance  contributing  in  overall  SE 

4.4.  Executive  offices. 

A  confidential  meeting  is  in  progress  in  the  executive 
offices  of  a  large  corporation.  Spreadsheets  and 
proposals  involving  new  product  development  that  may 
represent  millions  of  dollars  in  research  and  develop¬ 
ment  are  displayed  by  computer  screens.  In  the  same 
way  as  descnbed  above,  these  data  can  be  captured 
outside  the  building. 

Other  ways  of  eavesdropping  executive  and  other 
meetings  is  by  placing  a  (very)  small  wireless 
microphone  in  the  meeting  room.  This  microphone 
or  electronic  bug  can  than  be  captured  at  hundreds  of 
meters  outside  the  building.  This  can  be  avoided  by 
shielding  the  executive  rooms  in  an  appropriate  way. 
Other  ways  of  eavesdropping  is  by  the  use  of  a  laser 
beam  pointed  at  the  outside  of  the  window  of  die 
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meeting  room.  The  laser  picks  up  the  vibration  of  the 
glass,  causing  variations  in  the  reflected  beam.  A  con¬ 
verter  can  electronically  reproduce  the  conversation. 

5.  DESIGNING  THE  FORTRESS 

In  this  section,  both  architectural  requirements  and 
technical  ones  will  be  discussed. 

5.1.  Archtitectural  requirements. 

Architects  need  to  be  aware  of  the  potential  breaches 
in  business  security,  medical  applications  and  other 
technical  requirements.  Buildings  not  only  house 
people,  but  must  also  shelter  sensitive  information. 
In  the  past,  Faraday  cages  have  been  constructed  for 
a  lot  of  applications,  but  they  often  resemble  vaults. 
These  technologies  cannot  be  used  for  these  environ¬ 
ments,  where  the  appearance  is  of  any  concern. 

The  rating  of  protection  against  leakage  is  normally 
set  to  be  1 00  dB  over  a  broad  frequency  band.  This 
ensures  nearly  a  theoretical  loss  of  any  information 
by  100%.  In  order  to  achieve  this  value,  steel  cabines 
with  heavy  doors  and  delicate  copper  finger  stock  seals 
are  used. 

With  the  rise  in  the  sophistication  and  the  intensity 
of  threats  to  business  security,  the  private  sector  needs 
also  to  secure  their  sensitive  data.  However,  secure 
rooms  have  to  meet  the  same  criteria  of  attractiveness, 
cost  efficiency,  functionality,  and  design  flexibility 
that  businesses  require  of  all  their  facilities,  including 
the  possibility  to  retrofit  existing  rooms  and  buildings. 
Research  on  the  nature  of  emissions  (equipment  must 
already  fullfill  CE  or  FCC  requirements  at  the  emis¬ 
sion  level),  and  combining  ZONING  procedures,  an 
attenuation  of  60  dB  will  stop  the  information  emanat¬ 
ing  from  the  electronic  data  processing  apparatus. 

In  this  way,  architects  must  be  judicious  in  their  selec¬ 
tion  of  materials  and  must  be  aware  of  false  claims 
of  required  shielding  effectiveness. 

5.2.  Technical  checklist. 

Architectural  shielding  must  be  detailed  very  carefully 
since  it  is  designed  into  the  structure  of  a  facility.  It 
is  very  important  that  every  penetration  be  defined  and 
detailed  since  the  overall  shielding  integrity  is  directly 
related  to  the  quality  of  these  penetrations. 
Architectural  checklist: 

Layout-,  the  floorplan  of  the  space  to  be  shielded 
should  be  laid  out  with  consideration  of  the  basic  rules 
of  zoning,  and  also  to  minimize  the  number  of  penetra¬ 
tions  and  shielded  doors  required. 

Interior  partitions:  ensure  that  the  design  of  the  inter¬ 
ior  partitions  does  not  compromise  the  floor  and  ceil¬ 
ing  shielding. 

Wall  finishes:  the  wall  finishes  should  be  mounted  on 
strips  which  have  been  glued  to  the  surface.  Nails  and 
screws  are  not  compatible  with  shielding  since  it  is 
difficult  to  get  a  long-lasting  metal-to-metal  seal  at 
each  fastener  location. 


Electrical  checklist: 

Filters:  all  RF  filters  should  be  mounted  in  special 
cabinets,  and  a  single  penetration  should  be  passed 
through  the  shield  and  clamped  to  die  shield  The  same 
acts  for  telephone  filters  and  data  filtering. 
Electrical  installation:  All  other  electrical  components 
as  conduits,  receptables,  power  outlets,  light  switches 
can  be  mounted  on  special  mechanical  supports, 
without  disturbing  or  penetrating  the  shield. 
Mechanical  checklist: 

Penetrations:  all  penetrations  through  die  shielding 
surface  must  be  mechanically  supported.  It  should  be 
recommanded  that  all  penetrations  should  be  grouped 
using  a  common  metal  plate  for  the  penetration.  A 
good  conductive  contact  must  exist  between  each 
penetration  (panel)  and  the  shielding  surface. 

Joints:  the  junctions  between  die  shielding  surface  and 
the  other  components  are  very  critical  for  the  overall 
SE  behaviour  of  the  room.  To  be  mentioned  are: 

-  air  ventilation  (using  honeycomb  structures) 

-  penetration  of  the  heating  system  (hot  water  pipes) 

-  penetration  of  water  pipes 

-  shielded  door 

-  shielded  windows 

6.  PSYCHOLOGICAL  ASPECTS 

A  very  important  aspect  in  architectural  shielding  is 
the  psychological  aspect.  In  a  lot  of  applications, 
people  should  not  have  any  impression  of  being  in  a 
shielded  room.  It  means  that  special  care  should  be 
taken  to  the  wall  finishing,  the  floor  covering  and  the 
ceiling.  And  also  to  create  the  opportunity  that  a  'no¬ 
rmal'  sight  through  a  window  is  possible  (without 
Moire  effects)  when  no  shielding  is  required. 

7.  OVERVIEW  OF  THIS  SESSION 

In  this  session,  the  papers  are  discussing  in  detail  typi¬ 
cal  aspects  of  architectural  shielding  and  related  topics: 

-  a  study  about  the  shielding  offered  by  the  (internal) 
walls  of  offices  in  a  building,  by  Karacagil  et  al. 

-  a  study  on  data  protection,  by  Dobkowski 

-  a  report  on  the  implementation  of  low  cost  shielded 
rooms  in  a  hospital  environment,  by  Wolski  &  Baijack 

-  a  report  on  low  cost  shielded  rooms:  from  materials 
to  practical  realisations,  by  De  Schacht  &  Hebert 

-  a  proposal  of  practical  approach  for  a  measuring 
procedure  to  characterise  shielded  rooms,  by  Catrysse 

[1]  TEMPEST  definitions,  NSA  specification 

[2]  ZONE  program,  NSA  specifiction 

[3]  Schnettler  et  al.,  Schirmwirkung  von  Gebauden, 
EMV  Kompendium  97,  pp.  181  -  183 

[4]  L.  Hemming,  Architectural  EM  Shielding  Hand¬ 
book,  IEEE  Press,  1992 

[5]  G.  Wilson,  Data  security  by  design,  Progressive 
Architecture,  March  95,  pp.  82-84 
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An  overview  of  -well  known  standards  as  MIL  STD 
285,  GAM  T20,  IEEE  299,  will  be  given  and  the  ad¬ 
vantages  and  disadvantages  of  these  methods  will  be 
discussed.  Starting  from  this  discussion,  a  practical 
approach  will  be  formulated  for  the  characterisation 
of  shielded  rooms  under  the  architectural  shielding 
constraints.  Typical  problems  as  unaccessible  parts 
of  buildings  will  be  discussed  and  a  global  solution 
for  the  shielding  characterisation  is  this  cases  will  be 
presented. 

The  method  will  be  discussed  in  detail,  including 
the  choice  of  antenna's,  the  possibilities  ofland  the 
requirements  for full  automated,  semi-automated  and 
manually  operated  measuring  systems. 

Also,  a  method  will  be  suggested  for  quick  control 
measurements,  in  order  to  control  the  shielding  quality 
aver  a  longer  time  period,  after  installation  and  finish¬ 
ing  the  shielded  room. 

1.  INTRODUCTION 

The  characterisation  of  the  overall  shielding  behaviour 
of  shielded  rooms  is  a  topic  that  can  cause  a  lot  of 
practical  problems  'in  situ'.  Although  since  1956,  a 
military  standard  has  been  issued,  a  lot  of  discussions 
are  still  going  on  regarding  this  topic.  It  should  be 
noted  that  the  actual  available  standards  -  even  the 
recently  published  new  draft  of  IEEE  299  -  causes 
problems  when  characterising  shielded  rooms  under 
realistic  circumstances  (ex.  a  shielded  room  on  the 
I  Oth  floor  at  the  streetside  of  a  building,  in  the  center 
of  town). 

Therefor,  based  on  the  principles  of  the  existing  stan¬ 
dards,  other  practical  procedures  are  presented  in  this 
paper. 

2.  EXISTING  STANDARDS 

2.1.  MIL  STD  285. 

This  specification  written  in  1956  "Military  Standard 
Attenuation  Measurements  for  Enclosures, 


Electromagnetic  Shielding,  for  Electronic  Test  Pur¬ 
poses,  Method  of".  This  document  is  a  set  of  test 
methods  for  evaluating  shielded  enclosures,  and  no 
performance  curves  are  given. 

The  method  calls  for  the  receiver  to  be  located  inside 
the  enclosure,  with  the  transmitter  outside.  The  advan¬ 
tage  is  that  the  sensitive  receiver  is  protected  against 
possible  strong  fields  at  the  outside  (especially  during 
calibration)  and  also  that  the  received  signals  can  'eas¬ 
ily'  be  detected  over  the  low  ambient  noise  inside  the 
enclosure  under  test. 

The  method  calls  also  for  a  calibration  procedure  using 
an  external  attenuator,  so  that  the  receiver  is  always 
operated  in  the  same  linear  part  of  the  operating  range. 
The  number  and  location  of  test  points  are  left  up  to 
the  tester  at  the  time  of  the  test.  The  result  is  that  the 
quality  of  testing  may  vary  considerably. 

2.2.  NSA  65-6. 

This  specification  "National  Security  Agency 
Specification  for  RF  Shielded  Enclosures  for  Com¬ 
munications  Equipment:  General  Specifications", 
specify  both  the  performance  curves  required  for  the 
protection  of  communications  equipment  used  in  the 
transmission  of  intelligence  information,  and  the  test 
methods  used  for. 

The  test  methods  are  essentially  the  same  as  MIL  STD 
285,  with  two  notable  exceptions.  In  die  magnetic  test, 
the  loop  antenna  orientation  is  planar  versus  collinear, 
and  the  receiver  is  located  outside  the  enclosure.  The 
latter  was  chosen  to  simulate  the  classified  emitter 
being  inside  and  die  eavesdropping  receiver  outside 
the  enclosure.  A  set  of  test  frequencies  is  given. 

2.3.  IEEE  299. 

This  specification  "Standard  Method  for  Measuring 
the  Shielding  Effectiveness  of  Electromagnetic  Shield¬ 
ing  Enclosures"  is  proposed  to  replace  MIL  STD  285 
for  non-military  applications.  It  describes  a  set  of 
measurements  practices  for  different  antenna  con¬ 
figurations.  No  specifications  are  given  and  must  be 
specified  separately  The  document  points  out  the  dif- 
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Acuities  of  performing  reliable  measurements  in  the 
lower  frequency  range  from  20  upto  300  MHz  (due 
to  resonant  effects  inside  the  enclosures  and  the  cou¬ 
pling  of  non-tuned  antenna's  with  the  conductive 
walls). 

The  standard  specifies  also  test  points  at  each  wall, 
and  extra  ones  at  the  location  of  each  component,  such 
as  filter  penetration  panels,  shielded  doors,  shielded 
windows,  etc. 

Care  should  be  used  when  specifying  this  standard  in 
that  it  is  overkill  in  terms  of  the  amount  of  testing 
required  at  each  testing  frequency.  As  an  example, 
in  order  to  overcome  the  uncertainity  of  measurements 
in  the  lower  frequency  range,  it  is  specified  to  perform 
measurements  at  5  testpoints,  and  to  calculate  an 
average  over  these  points. 


fig.  1.  Magnetic  field  test 


fig.  2.  Electric  field  test 

Magnetic  field  tests  are  performed  upto  1  MHz  and 
Electric  field  tests  are  performed  upto  10  MHz,  each 
time  with  distances  from  transmitting  and  receiving 
antenna  to  the  shield  of  12  inch  or  30  cm. 


For  the  higher  frequency  range,  called  the  plane  wave 
testing  domain,  the  distances  are  changed  into  72  inch 
for  the  transmitting  antenna  and  only  2  inch  at  the 
receiving  side. 


fig.  3.  Plane  wave  test  configuration 


fig.  4.  Typical  example  of  test  point  locations 


fig.  5.  5  point  concept  as  defined  in  IEEE  299 
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3.  PRACTICAL  APPROACH 

It  is  clear  that  the  above  mentioned  standards  are  not 
applicable  under  realistic  circumstances  of  architectural 
shielded  installations. 

In  this  section,  5  examples  are  discussed,  where  a 
rigourous  application  of  the  standards  is  not  possible: 

-  accessibility  of  the  room,  the  walls  and  the  com¬ 
ponents.  Consider  a  room  to  be  shielded,  located  at 
the  3  th  floor  (or  higher?)  of  a  building.  The  room  has 
three  windows  and  the  shielding  must  be  controlled. 
In  this  case,  the  control  of  the  antenna  distance  to  the 
shield  cannot  be  controlled  in  an  adequate  manner, 
neither  it  is  possible  to  use  a  broadband  antenna 
(bilog)  at  the  outside. 

-  even  inside  the  building,  a  wall  touching  the  corridor, 
will  cause  a  problem  concerning  die  positioning  of 
the  antenna  (width  of  the  corridor  is  1m,  and  the 
antenna  length  is  70  cm  as  for  a  logper  antenna). 

-  the  thickness  of  the  existing  walls  of  a  room  (when 
retrofitting),  can  only  be  estimated  in  some  cases. 
Another  problem  is  rising  when  a  double  wall  is 
found,  with  water  pipes,  heating  pipes,  cable  trays, 
etc.  located  in  the  empty  space  between  the  two  walls. 

-  when  performing  the  shielding  measurements  as  a 
control  during  the  installation  of  the  room,  in  a  lot  of 
cases,  the  main  power  supply  is  not  yet  connected  to 
the  public  network.  Care  must  be  used  for  battery 
operated  measuring  setups  and  the  required  power 
consumption  (using  power  amplifiers  at  the  transmitt¬ 
ing  side). 

-  people  walking  around  in  the  vicinity  of  the  measur¬ 
ing  setup  can  influence  the  field  distributions,  and  in 
this  way  the  measured  field  strengths  at  a  fixed  point, 
and  consequently  will  cause  another  shielding  value. 
In  practice,  it  is  impossible  to  avoid  this  situation, 
especially  in  existing  buildings  and  in  buildings  under 
construction.  These  effects  must  also  be  taken  into 
account  when  defining  a  good  procedure. 

3.1.  Basic  requirements  of  die  procedure. 

The  measuring  procedure  should  be  applicable  in  both 
situations  where  the  shielded  room  is  still  under  con¬ 
struction  and  the  final  installation  is  not  yet  done,  and 
when  the  room  has  been  finished  (wall  paper  decora¬ 
tion,  painting,  etc.  ...)  Solutions  overcoming  the 
problems  mentioned  as  power  supply  requirements, 
people  walking  around,  etc.  ...  should  be  im- 
plementated  in  the  procedure. 

3.2.  Proposed  procedure. 

The  procedure  consist  of  5  main  points: 

-  control  of  the  equipment,  by  connecting  directly  by 
cable  the  generator/amplifier  configuration  and  the 
receiver.  Control  must  be  performed  on  the  following: 

.  control  of  the  power  amplification  factor 
.  control  of  linearity  of  generator/amplifier/receiver 
.  control  of  frequency  tracking  generator/receiver 


From  these  controls,  the  correct  amplifier  factor  is  set 
to  the  software,  and  also  a  frequency  shift  can  be  in¬ 
troduced  in  order  to  fit  the  frequency  settings  of  both 
generator  and  receiver. 

-  reference  measurement  of  the  setup.  The  measured 
values  of  an  antenna/antenna  measurement  are 
recorded  and  stared  for  further  use  as  the  'empty' 
reference.  By  comparing  these  values  with  earlier 
recorded  ones,  the  setup  is  controlled  including 
antenna's,  cabling  and  connectors. 

The  reference  measurement  is  used  for  calculating  the 
shielding  values,  given  field  strenghts  for  a  real 
measurement 

-  a  quick  test  is  performed:  without  closing  moving 
components  as  shielded  doors,  windows,  etc.  ....  the 
normal  background  noise  is  measured.  By  closing  ail 
these  components,  the  resulting  background  noise  is 
measured.  When  the  latter  background  noise  is  of  the 
same  order  as  the  first  one,  a  leakage  is  occuring.  In 
this  case,  normally  a  critical  moving  component  will 
be  the  cause,  or  another  'hole'  in  the  shield. 
Otherwise,  the  quality  of  the  moving  components  is 
controlled  very  quickly  by  opening  each  time  one  of 
the  components,  and  recording  the  measured  noise 
levels. 

-  shielding  measurements  are  now  performed  by  plac¬ 
ing  the  transmitting  antenna  outside  the  room,  and  the 
receiving  antenna  inside. 

At  least  one  point  for  each  wall,  floor  and  ceiling  must 
be  controlled,  if  technically  and  practically  possible. 
This  will  give  an  evaluation  on  the  average  quality 
of  the  large  surfaces.  For  the  interpretation  of  the  ob¬ 
tained  values,  care  should  be  used  by  taking  into  ac¬ 
count  the  possible  effects  of  the  existing  attenuation 
of  the  walls  or  building  construction  itself. 
Afterwards,  all  critical  components  as  shielded  doors, 
windows,  penetration  panels,  heating  pipes,  honeycomb 
structures,  etc.  ...  must  be  controlled. 

In  order  to  reduce  the  measuring  time  and  the  numbe 
of  tests,  only  horizontal  polarisation  is  used.  Also,  only 
one  measurement  per  component  is  performed.  Our 
experience  learned  that  this  is  sufficient  to  characterise 
the  shielding  behaviour  of  these  components,  and  that 
a  leakage  at  the  level  of  such  a  component  is  rising 
the  overall  noise  level  in  the  shielded  room  by  lOths 
of  dBs,  when  a  'bad'  component  is  illuminated  with 
an  electromagnetic  wave. 

Shielding  values  are  obtained  by  subtracting  these 
values  from  the  reference  measurements. 

Basically,  MEL  STD  285,  NSA  65-6  or  IEEE  299 
measuring  setups  are  used,  including  the  choice  of 
antenna's,  their  positions,  etc. ...  These  setups  are  then 
adapted  to  the  practical  situations,  as  already  discussed 
above  (as  accessibility  of  th&  location,  ...). 

In  principle,  broad  band  antenna’s  are  used,  except  in 
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the  case  where  the  size  and/or  the  wieght  of  the 
antenna  is  not  practically  useful!.  In  this  case,  (tuned) 
dipole  antenna's  are  used,  because  they  are  small  and 
light  weighted. 

In  order  to  overcome  problems  occuring  from  resonant 
effects  (especially  in  the  lower  frequency  range),  a 
sweep  around  the  center  frequency  of  die  tuned  dipoles 
is  performed.  In  fact,  the  same  effect  is  obtained  as 
by  the.’space'  sweep  over  5  points  as  described  in  the 
IEEE  299  standard. 

A  typical  example  of  SE  is  given  in  fig.  6. 


fig.  6.  Example  of  SE,  using  tuned  dipoles 

Both  antenna  characteristics  itself,  coupling  effects 
to  the  room  and  resonant  effects  are  included  in  these 
measurements,  and  an  interpretation  of  the  obtained 
values  is  possible.  Typically,  normal  averaging  (called 
curve  fitting)  as  available  in  each  spreadsheet  program 
can  be  done  on  these  data,  giving  a  good  overall 
shielding  effectiveness  of  the  component  under  test. 

-  control  measurements  can  be  performed  at  regular 
intervals  of  time  (ex.  each  year),  in  order  to  control 
Ae  shielding  effectiveness  in  function  of  elapsed  time. 

3.3.  Implementation  on  PC. 

The  method  discussed  above  can  easily  be  imple¬ 
mented  on  PC.  Depending  on  the  possibility  to  im¬ 
plement  a  feedthrough  connector  on  a  penetration 
panel  or  not,  different  configurations  must  be  im- 
plementated  in  the  program: 

-  feedthrough  connector  available.  In  this  way,  the 
receiving  antenna  is  inside  the  shielded  room,  but  the 
receiver  can  be  placed  outside.  In  this  way,  both 
generator  and  receiver  can  easily  be  controlled  over 
the  typical  IEEE  488  bus. 

Depending  on  the  possibility  of  using  broad  band 
antenna's,  or  a  set  of  tuned  dipoles,  full  automated 
measurements,  or  semi-automated  measurements  are 
performed.  In  the  case  of  a  set  of  timed  dipoles  being 
used,  each  dipole  can  only  be  used  within  a  restricted 
frequency  range.  Semi-automation  means  that  each 
time,  the  set  of  two  dipoles  must  be  changed  before 


moving  into  the  next  frequency  range. 

When  no  feedthrough  connectors  are  available,  no 
coupled  control  between  generator  and  receiver  is 
possible.  In  this  case,  a  full  manually  operated 
measurement  is  performed,  switching  manually  from 
frequency  point  to  the  next  one.  Measured- values  can 
still  be  recorded  and  stored  on  PC,  offering  the  pos¬ 
sibility  of  easy  handling  of  the  measured  data 
afterwards. 

4.  ALTERNATIVE  METHOD 

An  alternative- method  to  the  previous  one,  is  using 
a  spectrum  analyser.  When  broadband  antenna's  can 
be  used,  the  generator  is  running  in  a  free  sweep,  and 
the  spectrum  analyser  is  also  set  in  a  peak-hold  repeti¬ 
tive  measuring  sequence.  In  this  way,  during  the  sweep 
of  the  spectrum  analyser,  the  radiated  signal  is  found 
at  a  higher  level  than  the  background  noise,  and  is 
stored  for  further  processing.  Due  to  the  nature  of  this 
setup,  only  a  spectrum  analyser  can  be  used  as 
receiver,  requiring  a  high  speed  sweep. 

The  main  disadvantage  of  this  method  is  the  use  of 
a  spectrum  analyser,  which  holds  a  relatively  high 
noise  floor.  It  follows  that  a  high  transmission  level 
is  needed,  compared  with  test  setups  using  a  measuring 
receiver.  Given  the  same  transmitted  level,  setups 
using  receivers  instead  of  spectrum  analysers  will  have 
a  dynamic  range  of  20  dB  in  more,  and  will  thus 
enable  to  measure  shielding  effectiveness  of  20  dB 
in  more. 

5.  CONCLUSIONS 

In  this  paper,  a  critical  analysis  has  been  done  on  exis¬ 
ting  standards  for  measuring  the  shielding  effectiveness 
of  shielded  rooms,  as  MIL  STD  285  or  IEEE  299. 
Based  on  the  principles  of  these  standards,  an  ap¬ 
propriate  measuring  procedure  has  been  presented, 
which  overcomes  all  practical  problems  for  the 
characterisation  of  shielded  rooms  under  realistic  con¬ 
straints.  The  procedure  is  suitable  for  automated  con¬ 
trol  using  a  PC. 

It  is  hoped  that  this  paper  will  contribute  to  the  discus¬ 
sions  concerning  the  characterisation  of  shielded  rooms 
under  architectural  constraints,  and  to  come  to  a  hand- 
able  and  practical  measuring  standard. 

[1]  MIL  STD  285,  Military  Standard  Attenuation 
Measurements  for  Enclosures,  Electromagnetic  Shield¬ 
ing,  for  Electronic  Test  Purposes,  Method  of  -  1956 

[2]  NSA  65-6,  National  Security  Agency  Specification 
for  RF  Shielded  Enclosures  for  Communications  Equi¬ 
pment:  General  Specifications 

[3]  IEEE  299,  Standard  Method  of  Measuring  the 
Effectiveness  of  Electromagnetic  Shielding  Enclosures, 
new  draft  proposal  1997 
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Abstract 

The  article  presents  an  evaluation  of  potential 
hazard  posed  to  data  carriers  (MDC)  by  magnetic 
fields.  The  method  and  technical  means  to  safe  guard 
the  data  are  discussed,  and  an  original  method  is 
presented  of  examining  magnetic  field  shielding 
efficiency  by  the  use  of  large  size  generator  of 
homogeneous  magnetic  field. 

The  presented  results  of  experiments  serve  to 
evaluate  the  efficiency  and  range  of  the  proposed 
method  of  magnetic  data  carriers  protection  against 
damage. 

1.  Introduction 

Magnetostatic  and  electromagnetic  fields  can 
be  destructive  to  magnetic  data  carriers  (MDC) 
applied  in  electronic/computer  techniques  (floppy 
discs,  hard  discs  and  magnetic  tapes).  The  destructive 
fields  are  generated  by  atmospheric  discharges, 
shortings  in  electro-energetic  networks  or  can  be 
produced  by  portable  generators  as  economic  sabotage. 

At  present,  there  are  technical  means 
rendering  possible  registration  of  electro-magnetic 
signals  produced  during  data  processing  in  computers 
and  networks,  giving  thus  access  of  unauthorized 
persons  to  processed  information.  On  the  other  hand, 
there  are  also  means  to  safe  guard  the  information 
against  uncontrolled  leakage  or  destruction  of 
information  carriers. 

Problems  related  to  MDC  protection  have  a 
history  of  over  20  years.  Some  countries  have 
successfully  solved  these  problems  by  having  adopted, 
to  civilian  employ,  applications  initially  developed  and 
verified  to  protect  magnetic  memory  in  computers 
used  for  cosmic  or  military  purposes. 

MDC  protection  is  of  vital  importance  in 
military  service  because  of  the  potential  threat  that 
strong  impulses  of  electromagnetic  field  (NEMP)  can 
cause  destruction  or  disablement  of  commanding 
units  as  well  as  other  technical  facilities  operated  by 
computers. 


The  standard  „Standard  ECEMA  59”  sets  the 
level  of  magnetic  field  intensity  secure  for  magnetic 
data  carriers  (hard  discs,  floppy  discs,  magnetic  tapes). 
It  equals  4000A/m.  In  some  instances  the  intensity  of 
the  field  is  given  in  equivalent  terms  of  induction  - 
5mT.  The  author  considers  the  Standard  with  some 
apprehension,  because  from  his  experiments  it  became 
evident  that  in  modem  magnetic  data  carriers,  made 
of  magnetic  materials  (with  much  stronger  coercion), 
the  limit  of  safety  can  be  moved  to  30mT. 

On  the  other  hand  there  have  been  developed 
protection  methods  against  uncontrolled  leakage  of 
information  or  destruction  of  magnetic  data  carriers: 
magnetic  data  safes  and  shielded  rooms. 

The  effectiveness  of  protection  achieved  by 
any  of  these  facilities  can  be  examined  by 
experimental  determination  of  shielding  coefficients 
against  magnetic  and  electromagnetic  fields. 

2.  Concise  technical  characteristics  of  data 
protection  facilities 

MDC  can  be  destroyed  by  high  temperature, 
humidity  or  magnetic  field.  Facilities  serving  the 
purpose  of  MDC  stores  -  called  data  safe  (DS)  -  have 
installed  heat  screens  and  magnetic  shielding.  Large 
data  processing  centres  are  equipped  with  shielded 
rooms  (SR)  where  the  servers  are  operating. 

Other  problems  occur  with  the  construction  of 
special  shielded  compartments  for  medical 
experiments  (SMC).  These  rooms  are  used  for 
research  and  highly  sensitive  bio-medical 
measurements  with  SQUIDs  (measurements  range 
down  to  10'15  T). 

The  three  types  of  technical  facilities  (data 
safe  -  DS,  shielded  room  -  SR  and  special  medical 
compartment  -  SMC)  represent  variable  designation, 
hence  they  have  to  comply  with  different  technical 
requirements.  Data  safes,  for  data  carriers  storage, 
require  efficient  shielding  against  magnetostatic  field 
and  have  to  guarantee  the  damping/attenuation  of  the 
field  inside  the  safe  below  5mT,  under  unexpected 
circumstances  (e.g.  shortings  in  energetic  circuits). 
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They  have  to  be  secure  also  against  electromagnets,  of 
the  strength  up  to  several  kilowatts,  which  can  be 
applied  intentionally  to  destroy  information  on 
magnetic  data  carriers. 

Different  requirements  are  set  in  the  case  of 
shielded  rooms  installed  at  data  processing  centres. 
The  applied  shields  have  to  safe  guard  against 
electromagnetic  fields  within  the  band  from  10kHz  to 
40GHz.  They  protect  magnetic  memories  of  computers 
against  destructive  LEMP  and  NEMP  impulses  and 
also  eliminate  possible  remote  electronic  listening-in. 

The  SRs  require  shielding  coefficient  for  the 
field  component  E  not  lesser  than  100  dB  and  for  the 
H  component  of  the  field,  the  shielding  coefficient 
should  increase  from  50dB  for  f  =  10Hz  to  100  dB  for 
f  >10MHz. 

Medical  laboratories  using  equipment  with 
SQUID  detectors  to  measure  induction  of 
neurocurrents  should  present  excellent  shielding 
coefficients  against  magnetostatic  field  and  E-M  field 
within  the  band  (O.Ol-f-lOOO)Hz.  In  practice, 
attenuation  coefficients  inside  these  compartments 
reach  80  -  120  dB,  thus  -  inside  -  the  geomagnetic 
field  and  its  fluctuations  are  nearly  completely 
eliminated  as  are  the  disturbances  from  industry. 

The  compliance  with  extreme  requirements 
of  MDC  protection,  i.e.  protection  of  computing 
systems  against  magnetostatic  and  quasi  stationary 
electromagnetic  fields,  is  achieved  by  the  use  of 
multilayer  shields  produced  from  materials  of  very 
good  magnetic  properties. 

Electromagnetic  shields  are,  at  times,  built  of 
magnetic  metal  plates  sandwiched  with  non-magnetic 
plates  (copper). 

The  effectiveness  of  a  shield  depends  on 
construction  materials  as  well  as  on  construction 
technology  (welds,  mechanical  connections,  number  of 
technological  openings).  The  shielding  coefficient  is 
determined  experimentally. 

3.  Methods  for  shielding  efficiency 
examination. 

3.1.  Shielding  magnetostatic  and  quasistationary 
E-M  fields. 

Determination  of  shielding  characteristics 
against  magnetostatic  and  quasistationary  E-M  fields 
is  essential  in  the  case  of  data  safe  effectiveness 
evaluation  and  also  in  the  case  of  special  medical 
compartments,  because  the  fields  penetrate  deep  into 
the  shield  and  for  this  reason  protection  is  technically 
difficult. 

DSs  and  SMCs  shielding  coefficients  were 
studied  in  a  special  laboratory  unit  constructed  by  the 
author  from  non-magnetic  materials  and  equipped 
with  large  generator  of  magnetic  field.  The  generator 
consisted  of  4  windings  with  current,  having 


dimensions  of  (3,5x3,5)m.  The  windings  were  set  in 
mutually  parallel  planes  (Fig.  1),  power  input  was 
90kW. 


Fig.  1.  A  diagram  of  winding  in  the  generator  of 

magnetic  field. 

Inside  the  generator  a  homogeneous  magnetic 
field  was  produced,  stationary  or  quasistationaiy  with 
characteristic  induction  (in  the  air)  changing  from 
0  to  lOOmT.  This  induction  range  proved  sufficient  to 
examine  DSs  in  the  full  range  of  magnetization, 
including  the  magnetic  saturation  state. 

Shielding  coefficient  was  defined  as  a  ratio 
between  magnetic  field  component  at  selected  internal 
point  of  the  generator  and  this  component  at  the  same 
point  measured  inside  the  studied  DS. 

Geometric  dimensions  of  the  generator 
rendered  possible  the  examination  of  shielding 
properties  of  data  safes  and  server  housings  in  small 
shielded  rooms.The  examination  using  a  homogeneous 
magnetic  field  from  the  generator  allowed  very  precise 
determination  of  shielding  properties  of  the  studied 
objects  and  an  extensive  evaluation  of  their  shielding 
effectiveness. 

Frequently,  a  simplified  methods  is  used  for 
the  evaluation  of  shielding  properties  consisting  in  the 
application  of  portable  magnets,  equipped  with  cores 
of  variable  shape  (cylindrical,  C-letter).  The  magnets 
produce  magnetic  induction  of  (15()H-500)mT. 

By  comparing  the  intensity  of  electromagnetic  field  at 
the  outer  wall  of  the  studied  object  with  that  at  several 
internal  points  of  the  objects,  the  coefficient  of 
magnetic  field  damping  was  determined.  This 
coefficient  is  often  mistakenly  taken  for  the  shielding 
coefficient.  This  simplified  method  is,  to  some  extent, 
oppressive  and  less  precise,  though  when  examining 
large  objects  or  under  field  conditions  it’s  application 
was  unavoidable. 

3.2.  Shielding  electromagnetic  field 

The  evaluation  of  E-M  field  shielding  in  the 
band  >10kHz  is  usually  carried  out  according  to  the 
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standards  MIL-STD-285,  MIL-STD-461  and 
NS  A  65-66. 

The  damping  of  E-M  field  by  shielded  rooms 
depends  on  magnetic  permeability  p,  conductance  y 
and  the  width  g  of  materials  used  for  the  construction 
of  the  room.  In  low  frequency  range  of  the  E-M  field, 
with  the  dominating  H  component,  the  shielding  is 
mainly  influenced  by  physical  properties  of  the 
building  'material  p  and  y.  While  in  the  case  of 
frequencies  f>10MHz,  the  E  component  becomes 
dominant  and  material  of  high  conductance  is 
necessary  to  obtain  effective  shielding,  together  with 
very  tight  connections  between  the  elements  of  the 
shield 


Fig.  2.  A  diagram  of  shielding  properties  measurement 
system  for  shielded  rooms; 

1 .  door.  2.  vent.  3.  HF  seal  (As,  Ar)  aerials 

The  aerials,  during  the  shielding  examination 
experiments,  were  placed  close  to  the  walls  of  the 
studied  object  (0.3-K).76)m,  choosing  vulnerable  areas 
-joints,  vents,  cable  channels,  doors  (Fig.2),  where  the 
shield  efficiency  was  expected  to  fail. 

The  effectiveness  of  shielding  was  finally 
expressed  by  the  coefficient  damping  of  the  filed 
components  E  and  H  given  in  dB. 

4.  Results  of  experiments 

The  measurements  of  the  shielding  against 
magnetic  and  electromagnetic  fields  carried  out  for 
some  data  safes  and  shielded  rooms  were  performed  on 
the  basis  of  examination  methods  described  above. 
Selected,  representative  results  of  these  measurements 
are  presented  in  the  following  section. 

The  examined  DSs  were  built  of  steel  plates, 
of  ordinary  quality,  with  double  jacket  in  construction 
and  (1.5xl.2xl)m  in  size.  The  examination  unit  was 


also  used  for  large  (30-r80)m2  surface  SRs  evaluation. 
These  were  screwed  constructions  made  of  galvanized 
steel  sheets,  of  (2-5-2. 5)mm  width.  Coefficient  of  field 
shielding  was  determined  by  planting  the  studied  DS 
or  small  SR  in  the  homogeneous  magnetic  field 
produced  by  the  generator  (Fig.  1).  The  system  allowed 
to  determine  simultaneously  the  threshold  external 
field  induction,  where  in  the  induction  inside  the  DS 
exceeded  the  permissible  value  of  5mT  (Fig. 4). 


Fig.  3.  Shielding  coefficient  of  magnetic  field  in  DS 
as  a  function  of  external  magnetic  field; 

1 .  B0  vector  perpendicular  to  the  side  wall, 

2.  B0  vector  perpendicular  to  the  wall 
containing  door. 

Field  shielding  by  a  DS  is  not  homogeneous;  the  walls 
with  technological  openings  (doors,  vents) 
demonstrate  weaker  shielding  properties  by  c.a.30% 
(Figs.3  and  4). 


Fig. 4.  Induction  inside  DS  as  a  function  of 
homogeneous  magnetizing  field  B0; 

1.  wall,  2.  wall  with  door. 
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The  shielding  coefficient  of  DS  declined  fast 
with  the  growing  induction  B0  of  the  external 
magnetic  field  (Fig.3).  Already,  at  induction  Bo>10mT 
the  plates  got  magnetically  saturated  and  shielding 
properties  of  the  DS  became  very  poor  (inadequate). 

Approximated  evaluation  of  shielding 
properties  was  carried  out  using  portable 
electromagnet,  with  cylindrical  core,  supplied  from 
lighting  installation.  Placing  electromagnet  at  the 
outer  wall  of  the  DS  (Fig.  5),  served  to  determine  the 
internal  distribution  of  field  induction.  The 
measurements  were  carried  out  for  2  induction  levels: 
170  and  260  mT  applied  to  the  outer  wall  of  the  DS. 
Induction  obtained  inside  the  DS  exceeded  the  treshold 
value  of  5  inT  in  both  cases  at  a  distance  <(0.2-K). 3)m 
from  the  internal  wall. 

Relatively  good  protection  against  destructive 
influence  of  E-M  fields  and  remote  electronic 
listening-in  of  operating  computers  (servers)  was 
obtained  in  SRs.  The  examine  SRs,  devoid  of  internal 
electricity  installation,  were  characterised  by  E 
component  attenuation  amounting  to  -125  dB  in  the 
band  10kHz  -  1GHz,  and  the  H  component  was 
attenuated  to  over  75dB  (Fig.6).  When  the  servers 
installed  inside  the  SR  were  switched  on  through 
energy  filters,  the  shielding  of  E  component  decreased 
to  lOOdB,  this  being  an  inherent  feature  of  the  applied 
filters  -  their  shielding  properties  did  not  exceeded 
lOOdB. 


Fig. 5.  Distribution  of  B,  induction  induced  inside  DS 
by  portable  electromagnet; 

1  B0(x=o.  y=cn  =  170  mT,  2.  BQ(X=o,  y-o)  =  260  mT. 


Fig.6.  Shielding  coefficients  of  E  and  H  components  of 

the  field  in  SR; 

1 .  without  electric  network  installation, 

2.  complete, 

3.  simplified  HF  tightening  of  the  door. 

It  was  found  out  during  the  experiments,  that 
considerable  effect  of  shielding  properties  of  a  given 
SR  could  be  attributed  to  electromagnetic  seals  used  to 
tighten  doors,  vents,  screwing  connections  between  the 
plates,  etc.  (Fig.6). 


5.  Conclusions 

1.  There  are  effective  experimental  methods  to 
examine  shielding  properties  of  technical  facilities 
designed  to  protect  computers  and  magnetic 
carriers  of  information. 

2.  The  safety  of  MDC  in  a  DS  or  SR  can  be 
completely  and  precisely  evaluated  from  results  of 
their  examination  in  a  generator  of  uniform 
magnetic  field.  In  some  cases,  when  the  high 
precision  of  evaluation  is  not  necessary  or  when  the 
evaluation  is  to  be  done  under  polygon  conditions, 
the  examination  can  be  performed  by  portable 
electromagnet. 

3.  DSs  as  used  up  to  date  do  not  guarantee  complete 
protection  of  MDCs  stored  inside.  As  shown  by  the 
experiments,  a  portable  electromagnet  supplied 
from  lightning  installation  can  easily  destroy  the 
information  on  MDC. 

4.  Good  protection  of  data  processing  systems  is 
obtained  in  SRs.  These  facilities  are  characterised 
by  attenuation  coefficients  within  the  range 
(80-rl20)dB  for  E  component  of  the  field  and 
(50-f80)dB  for  the  H  component. 

5.  The  shielding  of  magnetic  field  by  SR  is 
considerably  influenced  by  their  construction 
(assembly)  technology. 
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In  this  paper,  a  description  will  he  given  of  a 
low  cost  shielded  room  based  on  the  use  of  a 
flexible  metallized  non  -  woven  for  wall  covering 
and  used  in  shielded  components  such  as  doors 
and  windows. 

The  flexible  material  can  both  be  applied  in 
existing  rooms  as  a  retrofit  and  in  new  buildings. 

The  "turn  key’’  system  offers  shielding 
solutions  for  all  protrusions  and  apertures  that 
may  exist  in  a  room  that  needs  to  be  shielded. 

The  SE  obtained  with  this  system  is  sufficient 
for  applications  such  as  medical  examination 
rooms,  measuring  laboratories  in  the  electronics 
industry  and  industrial  and  military  rooms  where 
confidential  data  has  to  be  secured  against 
electronic  eavesdropping. 

The  system  allows  a  degree  of  finishing  equal 
to  that  of  regular  rooms,  so  that  the  visual 
difference  with  non  shielded  rooms  is  almost  non 
existent. 

1.  INTRODUCTION 

The  use  of  precision  electronic  devices,  mobile, 
powerful  and  sophisticated  telecommunication  systems 
and  ever  higher-performance  microprocessors 
increases  the  noise  level  exponentially.  Characteristic 
examples  can  be  cited  to  confirm  the  increasing  risks 
of  “electrosmog.” 

The  protagonist  of  this  technological  evolution, 
i.e.  the  electronic  industry,  is  concurrently  becoming 
the  prime  victim  of  electronic  interference.  Can  it 
afford  to  be  exposed  to  electromagnetic  interference 
risks  (EMI),  all  the  more  so  as  European  EMC 
standards  on  the  matter  are  becoming  very  strict? 

Consequently,  the  need  to  reduce  the  noise  level 
by  installing  a  system  of  architectural  shielding  often 
cannot  be  overlooked,  in  particular  for  development 


and  calibration  standards,  EMC  measurement 
laboratories,  medical  electronics,  etc. 

The  60  dB  minimum  shielding  efficiency 
attained  by  the  Isowave®  architectural  shielding 
system  are  very  satisfactory  for  numerous  applications, 
not  only  in  industry,  but  also  for  the  security  and 
protection  of  confidential  information  against 
electronic  eavesdropping. 

Industrial  sites  require  extensive  flexibility  that 
traditional  shielding  systems  cannot  always  offer.  On 
the  other  hand,  the  “turnkey”  architectural  shielding 
system  based  on  an  electro-less  copper  plated  non- 
woven  and  combined  with  components  of  highly 
innovative  and  unique  shielding,  will  adapt  to  all  types 
of  premises,  new  or  renovated,  without  affecting  either 
the  comfort  or  the  appearance  of  the  site. 

2.  “TURNKEY”  ARCHITECTURAL  SHIELDING 
SYSTEM 

2. 1 .  “Turnkey”  concept 

The  Isowave®  architectural  shielding  system 
provides  a  minimum  shielding  efficiency  of  60  dB  in 
the  50  MHz  to  2  GHz  range  according  to  Mil-Std-285. 
This  result  is  obtained  by  combining  a  very  high- 
performance  shielding  material  and  shielding 
components  developed  especially  to  shield  all 
apertures,  large  and  small,  through  a  global  approach 
that  comprises  the  study  of  the  site  to  shield  in 
consideration  of  all  the  specific  characteristics  of  the 
premises,  the  production  of  customised  components 
and  their  installation  in  optimal  connection  with  the 
shielding  material.  Shielding  efficiency  measurements 
carried  out  by  an  independent  EMC  laboratory 
confirm  the  excellent  level  of  shielding.  The  premises 
are  then  ready  to  be  decorated  with  ease  by  following 
some  rudimentary  instructions. 


Shiefdng  Eft  (dB) 
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Figure  no.  1:  Shielding  efficiency  of  the  Isowave® 
architectural  shielding  system,  complete  and  installed, 
measured  according  to  Mil-Std-285. 

2.2.  The  shielding  material 

The  Isowave®  system  is  based  on  the  use  of  an 
electroless  copper  plated  non-woven  with  excellent 
electrical  characteristics  and  very  low  surface 
resistance  (0.04  Ohm/  □).  The  shielding  efficiency  of 
the  material  amounts  to  75  to  80  dB  in  the  electric 
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Figure  no.  2:  Shielding  efficiency  of  the  Isowave  ® 
material  according  to  Mil-Std-285 

field  (see  figure  2).  The  shielding  material  has 
undergone  state-of-the-art  development,  which  has 
made  it  possible  —  by  means  of  simulation  in  the  near 
and  far  field  and  in  practical  cases  (1)  to  improve  its 
shielding  efficiency  and  its  unique  anti-corrosion 
coating  which  ensures  an  excellent  performance  for 
the  material  in  the  accelerated  ageing  test  according  to 
Mil-Std-202.  Furthermore,  thanks  to  this  coating,  the 
material  can  be  easily  combined  with  various 
decorative  materials  using  glue,  paint,  etc.  Very  thin 
(0.1  mm)  and  very  light  (60g/m2),  the  Isowave® 
shielding  material  offers  great  flexibility  which  is 
highly  prized  for  industrial  applications.  Isowave  ® 
makes  it  possible  also  to  reduce  the  costs  for  preparing 
the  premises  for  shielding.  No  self-bearing  structure  is 
required  nor  any  maintenance  needed  for  the  material. 
Isowave  ®  is  air-permeable  and  eliminates  all  risk  of 
condensation.  In  laboratories  requiring  special 
measuring  conditions  on  a  continuous  basis,  engineers 


rightly  appreciate  the  comfort  provided  by  the  Isowave 
®  system 

2.3.  components 

The  components  have  been  specially  designed  to 
be  combined  with  the  Isowave  ®  shielding  material. 
Most  of  them  in  fact  also  use  the  Isowave  ®  basic 
material  themselves.  Each  of  the  components  meets 
the  flexibility  requirement.  They  are  thus  highly 
innovative  compared  with  traditional  shielded  cages 
and  even  conventional  architectural  shielding 
components.  Each  of  the  components  required  for  an 
installation  must  be  perfectly  connected  to  the 
shielding  material  and  installed  by  professionals.  A 
single  neglected  detail  could  lower  the  shielding 
efficiency  by  at  least  20  dB.  The  range  of  shielding 
components  extends  from  shielded  doors,  to  shielded 
window  systems,  shielded  fastening  systems, 
ventilation,  filters,  etc. 

2.3.1.  Isowave  ®  shielded  door: 

The  shielded  door  is  made  as  a  standard  wooden 
door.  The  door  is  covered  completely  by  Isowave  ® 
material.  The  door  panel  contains  EMC  gaskets,  a 
material  similar  to  Isowave  ®  around  a  polyurethane 
foam.  The  EMC  gasket  of  the  door  has  been  tested 
during  500,000  cycles,  i.e.  250,000  openings  and 
closings,  with  no  change  in  shielding  efficiency  noted. 
The  design  and  installation  of  the  door,  comprising 
the  door,  the  door  frame  and  the  door  step  provide  the 
same  level  shielding  as  the  entire  system  with  very 
limited  door  opening  and  closing  forces.  The  latest 
generation  of  Isowave  ®  door  ensures  a  minimum  of 
60  dB  shielding  efficiency  between  50  MHz  and  2 
GHz.  The  door  step  contains  an  EMC  gasket  too  for 
the  shielding,  is  only  10  mm  high,  and  is  sloped  on 
either  side  so  that  trolleys  can  pass  easily.  The  lock  is 
specially  designed  so  that  the  door  can  be  closed  on 
both  sides.  The  installation  of  a  card-key  reader  is  also 
conceivable.  Single  or  double-leaf  doors  can  be  used, 
turning  inwards  or  outwards  of  the  room.  The 
different  versions  available  include  fire  retardent 
doors. 
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Figure  No.  3:  Shielding  efficiency  of  the  Isowave  ® 
door  installed  according  to  Mil-Std-285 
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2.3.2.  Shielded  window: 

Three  different  types  of  shielding  for  windows 
have  been  developed.  The  most  functional  system  is 
based  on  the  shielded  blind  principle.  This  as  a 
window  shielding  system  mounted  in  front  of  an 
existing  window.  The  existing  window  continues  to  be 
functional;  opening,  closing,  cleaning,  etc.  The 
shielding  contains  an  electrically  driven  roller  of 
Isowave  ®  material.  In  the  unrolled  position,  the 
window  is  shielded  against  EMI.  The  shielded  window 
system  offers  excellent  shielding,  far  superior  to  the  60 
dB  of  the  complete  system. 


w 


?u  ’  ,  •  - 

( i  '■  :  t  .  ■  :  .  .  : 

10  100  5.000 

1  ;*Jipote3  ‘SatfxAi*  intfcpotoS  l-J  pole  6  S&poK-S  ' 

Figure  no.  4:  Shielding  efficiency  of  the  Isowave  ® 
window  installed  according  to  Mil-Std-285 

2.3.3.  Shielded  screw  /  plug  system 

All  fixing  devices  for  attaching  light  fixtures, 
electricity  distribution  conduits,  false  ceilings, 
shelving,  etc.  must  be  shielded.  Standard  plugs  create 
perforations  in  the  shielding,  thereby  opening  a 
conductive  path  through  the  shielding  that  causes  the 
shielding  to  deteriorate  by  20  to  30  dB.  Very  low 
transfer  impedance  is  ensured  by  means  of  stainless 
steel  plates,  so  that  the  shielding  does  not  deteriorate 

2.3.4.  Ventilation  or  air-conditioning  panels: 

a  honeycomb  system  with  mounting  flange 
adapted  on  the  Isowave  ®  non-woven  has  been 
developed  for  all  ventilation  or  air-conditioning 
apertures. 


the  pipes.  The  pipe  duct  is  equipped  with  a  highly 
conductive  flexible  seal  which  provides  superior 
shielding  to  the  complete  system,  likewise  under 
thermal  cycle  conditions  as  is  the  case  at  present  for 
heating  pipes. 

2.3.7.  Plate  for  BNC  connectors,  etc. 

2.3.8  A  special  component  has  been  developed  for  the 
optical  fibre  duct. 

2.3.9.  Electric  filters 

In  order  to  filter  all  conducted  interference,  all 
cables  (mains,  telephone,  data,  etc.)  entering  or 
leaving  the  shielded  room  must  pass  through  filters. 
All  filters  are  grouped  on  a  case  which  can  be 
mounted  inside  our  outside  of  the  shielded  room.  The 
filter  case  is  always  electrically  connected  with  the 
shielding  of  the  room  and  serves  as  the  central 
earthing  point  of  the  complete  room.  Electricity  is 
distributed  through  metal  or  plastic  ducts  fixed  thanks 
to  the  shielded  screw/plug  system. 

2.3.  lO.Other  components 

The  list  is  exhaustive.  Other  components  can  be 
integrated  depending  on  the  project:  shielded  system 
for  liquid  ducts,  washbasin,  shielded  installation  for 
the  suspension  of  false  ceiling  and  false  floor,  etc. 

3.  PRACTICAL  CASE  OF  THE  INSTALLATION  OF 
AN  INDUSTRIAL  DEVELOPMENT 
LABORATORY 

3.1.  Situation 

We  can  study  the  characteristic  example  of  a 
laboratory  for  the  development  of  electronic  chips  (for 
portable  telephone)  situated  in  front  of  a  portable 
telephone  relay  antenna  which  is  nonetheless  located 
relatively  far  away.  The  interference  levels  are  such 
that  the  desired  measures  cannot  be  carried  out  nor  the 
results  obtained  relied  upon. 

3.2.  Observation 


2.3.5.  Trap  doors: 

special  panels  that  can  be  dismantled  have  been 
developed  to  cover  all  openings  required  for  the 
maintenance  and  repair  of  equipment  which  are 
accessible  only  through  shielded  walls. 

2.3.6.  Shielded  pipe 

For  a  room  with  central  heating  and  a  washbasin, 
the  connecting  pipes  through  the  shielded  walls  must 
be  shielded  too.  Ducts  have  been  developed  for 
shielded  pipes,  and  they  provide  a  very  low  transfer 
impedance  so  that  the  shielding  is  not  deteriorated  bv 


A  shielding  level  of  60  dB  is  required  in  the 
frequency  band  for  the  application  of  this  company, 
i.e.  between  800  MHz  and  2.2.  GHz. 

The  development  laboratory  is  being  renovated 
and  must  be  configured  in  offices  that  already  exist. 

Emphasis  has  been  focused  on  the  comfort  and 
working  conditions  of  the  engineers  who  refuse  to 
work  continuously  in  a  shielded  cage.  The  room  must 
resemble  the  other  offices  of  the  site. 
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3.3.  Installation 

This  installation  must  be  carried  out  rapidly  and 
adapted  to  the  specific  features  of  the  premises.  It  must 
allow  for  flawless  decoration  on  the  walls,  floor  and 
ceiling  as  well  as  the  components,  identical  with  every 
other  room.  The  room  has  numerous  very  interesting 
installations  and  components.  The  presentation  and 
description  of  the  installation  will  include  the 
following  elements:  Isowave©  non-woven  on  the 
floor,  wall  and  ceiling,  door,  windows,  filter  case  for 
mains,  telephone  data  transfer,  optical  fibre  duct, 
ventilation,  connection  panel,  fixing  systems  and  false 
ceiling  suspension  system,  liquid  duct,  etc.  The  results 
of  the  measurements  carried  out  by  an  accredited  EMC 
laboratory  reveal  a  very  satisfactory  shielding 
efficiency  level  once  again.  The  shielding  will  be 
completely  concealed  by  the  decoration. 

4.  CONCLUSION 

Developments  carried  out  on  the  complete  Isowave  ® 
architectural  shielding  system  are  always  intended  to 


meet  the  needs  of  industrial  sites  and  maintain  optimal 
working  conditions  at  a  reduced  shielding  cost  that 
pays  off  quickly.  Recent  measurements  carried  out  by 
reputable  control  organisations  on  concrete 
installations  are  excellent.  The  industrial  application 
is  not  limited  only  to  reducing  the  noise  level  for  the 
use  as  a  quiet  room,  but  also  for  the  protection  of 
confidential  information.  To  this  end,  BSI  of  Germany 
has  already  shown  interest  in  the  Isowave  ®  system. 
Their  own  measurements  on  a  complete  Isowave  ® 
installation  confirm  the  veiy  satisfactory  results  of  the 
system. 
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In  this  work,  the  research  has  been  carried  out  in 
two  phases:  shielding  effectiveness  of  a  building  is 
calculated  by  using  a  multilayer  model  and  compared 
with  the  measurements  results  inside  building. 
Multilayer  modeling  enables  us  to  obtain  transmission 
and  reflection  coefficients  of  the  layers,  which  are 
actually  the  rooms  and/or  floors  that  we  are  interested 
in.  The  second  phase  has  been  entered  by  making 
attenuation  measurements  by  an  automated 
measurement  system.  Two  different  situations  have  been 
tested.  In  the  first  one,  the  transmitting  and  the 
receiving  antennas  of  the  system  have  been  located  on 
the  same  floor  of  the  building  and  the  shielding 
effectiveness  measurements  have  been  carried  out  in  the 
frequency  range  of 200  MHz  -1000  MHz.  In  the  second 
situation  the  receiver  has  been  located  one  floor  down 
and  some  single  frequencies  have  been  used  during  the 
measurements  taken  in  various  rooms  at  952  and  937 
MHz.  The  experimental  results  were  found  to  be  good 
agreement  with  theoretical  results. 

1.  INTRODUCTION 

Modelling  of  attenuation  of  electromagnetic  fields 
by  building  structures  is  useful  in  a  number  of 
engineering  applications.  Because  of  the  potential 
implementation  of  indoor  wireless  local  area  networks 
(LAN’s)  and  personel  communication  networks 
(PCN’s),  it  is  important  to  understand  the  propagation  of 
signals  inside  buildings. 

Indoor  propagation  study  is  more  complicated  than 
outdoor  study.  The  environment  inside  a  building 
consists  of  many  obstructions,  constructed  from 
different  materials,  and  these  objects  may  be  in  close 
distance  to  the  transmitter  and  receiver  antennas  of  the 
measurement  system  during  experiments.  The  space  and 
height  between  furniture,  architectural  configurations, 
partition  materials  and  even  moving  people  can  fluctuate 
the  radio  signals.  Thus,  the  intensity  of  the  radio  signals 
varies  from  place  to  place  inside  a  building. 

Electromagnetic  shielding  properties  of  houses  or 


buildings  are  usually  determined  by  measuring  the 
signals  generated  by  either  portable  equipments  or  by 
fixed  equipments  present  in  the  vicinity.  Smith  [1] 
presented  the  results  of  an  empirical  investigation  of  the 
shielding  properties  of  seven  buildings  ranging  from  a 
single  family  of  detached  residences  to  multistory  office 
buildings.  Both  electric  and  magnetic  field  attenuations 
were  measured  in  the  frequency  range  of  about  20kHz  to 
500  MHz.  On  site  measurements  are  time  consuming 
and  expensive.  One  method  to  overcome  this  difficulity 
is  to  use  a  computer  code,  which  calculates  the 
attenuation  of  buildings  as  a  function  of  its  material 
characteristics,  dimensions,  room  layout ,  frequency  and 
the  angle  of  incidence  radiation. 

Because  of  the  presence  of  varying  conditions,  some 
approximation  should  be  made  for  modelling  the 
buildings.  From  the  earlier  studies  in  the  literature,  one 
may  conclude  that  the  approximations  made  in  those 
researches  can  be  classified  into  two  main  groups:  In 
the  first  one,  several  measurements  are  made  and  then  a 
formula  is  searched  for  modelling  the  measured  data. 
The  attenuation  characteristics  of  the  building  is  then 
approximated  by  the  formula.  Lafortune  and  Lecours  [2] 
examined  the  effects  of  the  number  of  walls,  number  of 
floors,  open  and  closed  doors,  corridors,  windows 
present  between  antennas.  In  the  other  method, 
modeling  takes  the  precedence:  according  to  the 
architecture  of  the  building  a  prediction  formula  is 
firstly  proposed  to  estimate  the  attenuation 
characteristics  of  buildings.  Then  measurements  are 
carried  out  to  verify  the  assumed  model. 

Honcharenko,  Bertoni,  Diling  [3], [4]  studied  on  the 
propagation  losses  of  the  same  and  different  floors 
inside  a  building.  The  research  reported  here  contributes 
to  their  study  by  repeating  the  measurements  to  verify 
the  multilayer  model,  and  also  not  at  a  single  frequency 
but  for  a  range  of  frequencies.  The  propagation  loss 
measurements  have  been  carried  out  in  two  steps:  in  the 
first  step,  both  the  transmitting  and  the  receiving 
antennas  have  been  located  on  the  same  floor  and  the 
frequency  range  of  200MHz-1000MHz  has  been 
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scanned;  where  in  the  second  step,  the  receiver  has  been 
moved  one  floor  down  and  measurements  have  been 
repeated  at  the  single  frequencies  of  937,  952  MHz. 
Measured  data  were  obtained  by  using  an  automated 
measurement  system  which  provides  a  syncronization 
between  signal  generator  and  receiver. 

2.  MULTILAYER  STRUCTURES 


2. 1 .  Theory 


The  prdblem  considered  in  this  part  of  the  study  is 
the  electromagnetic  interaction  (reflection  and 
transmission)  of  a  incident  plane  wave  with  multilayer. 

Assuming  that  at  any  point  (x,y,z)  of  a  layer, 
reflection  and  transmission  wave  of  the  incident  plane 
wave  can  be  used  to  derive  a  set  of  two  recursion 
formulas  each  of  which  is  valid  for  an  arbitrary  layer 
number  of  multilayer  structure  and  for  arbitrary  angle  of 
incidence. 

For  the  electric  field  intensity  vector  is  parallel  to  the 
plane  interfaces,  two  scalar  quantities  can  be  introduced 
by  means  of  which  the  two  recursion  formulas  can  then 
be  developed. 


Figure  1 .  i.th  layer  of  a  multilayer  structure 

With  reference  to  Fig.  1,  A,;  tangential  E  at  left 
interface  of  ith  layer,  travelling  from  left  to  right,  B,; 
tangential  E  at  left  interface  of  ith  layer,  travelling  from 
right  to  left. 

The  exponential  describing  e*1*  these  waves  take 
into  account  both  the  attenuation  and  phase  shift  of  the 
waves  as  they  go  through  each  layer.  More  presicely  the 
wave  travelling  left  to  right  is  represented  by  an 
expression  of  the  form  Aie~hi"'r  where  n;  is  the  two 
dimensional  normal  vector  ni=  -sin0jay  +  cosO^  and  r 
denotes  the  usual  position  vector.  Additionaly,  y,  is  the 
complex  propagation  constant  for  i.  layer.  For  vertical 
polarization,  continuity  of  the  electric  field  intensity  at 
z=d  gives  the  following  relationships  [5], 
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d|  is  the  thickness  of  the  i.  layer  and  9,+1  is  the  complex 
angle  of  refraction  in  i.  layer.  Now  in  the  region  of  the 
right  of  the  multilayered  slab,  there  is  only  a  wave 
travelling  from  left  to  right  whose  amplitude  can 
arbitrarily  be  set  equal  to  unity.  Therefore  if  we  set 
An+1=1  and  BN+1=0,  we  can  determine  expressions  for 
Aj  and  Bi;  in  sequence,  by  setting  i=N,N-l,...  ,2,1,0  in 
the  recursion  formulas  given  above.  Obviously,  A0  is  the 
incident  wave  on  the  left  of  the  slab,  and  B0  is  the 
reflected  wave.  As  a  result,  reflection  coefficient  R  and 
transmission  coefficient  T  are  obtained  as 

Ry=B0/A0  ,  Tv=l/A0  (7) 

Finally 

Rl  =[Re(50  /  A0)f  +  [lm(fl0  /  A0)f  (8) 

Ty  =[Re(l/  /40)]2  +[lm(l/  /10)|2  (9) 

Shielding  effectiveness  is  defined  as  for  vertical 
polarization  case. 

SEV  =  — 101og|7>  |2  (10) 

The  same  method  could  be  applied  in  case  of 
magnetic  field  shielding  effectiveness. 

2.2.  Multilayer  Model  for  a  Single  Floor 

The  model  presented  above  gives  us  the  transmission 
and  reflection  coefficients  of  the  layers.  The 
transmission  coefficient  of  the  multilayer  can  be  used  for 
calculating  the  shielding  effectiveness  (SE)  of  the  layers. 

We  verify  our  computer  code  obtaining  the  same 
results  as  in  [3-4]  Firstly,  rooms  housed  through  a 
corridor  in  the  same  floor  can  be  modelled  as  a 
multilayer  structure.  (Fig.  2)  This  model  can  be  easily 
adopted  to  the  program.  Parameters  which  are  needed 
for  calculating  SE  (pr,  ct„  er  and  the  distance  for  the 
measurement  point)  are  known  for  the  building.  Under 
consideration  theoretical  results  are  obtained  using  this 
program  for  seven  rooms  at  200-1000  MHz.  In  order  to 
cary  out  the  measurement  and  get  the  data  in  a  relatively 
short  time,  an  automated  measurement  system  can  be 
used.  When  we  apply  this  model  in  a  building,  we  must 
also  deal  with  some  scattering  and  diffraction  terms.  For 
the  same  floor  calculation,  diffraction  term  is  less 
significant  than  the  reflection  and  transmission  terms. 
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Figure  2.  Multilayer  structure  of  the  rooms  in  the 
same  floor. 

Besides  the  basic  building  structure  (walls,  floors 
and  ceiling),  furnishings  and  people  serve  as  scatterers. 
Because  the  many  propagation  paths  from  the 
transmitting  to  the  receiving  antenna  resulting  from  the 
scattering  objects,  the  paths  exhibit  many  different 
starting  directions  at  the  transmitting  antenna  and  many 
different  directions  of  arrival  at  the  receiving  antenna. 
The  resulting  multipath  structure  causes  the  received 
signal  to  exhibit  strong  variations  as  either  the 
transmitting  or  receiving  antenna  is  moved  over  a 
distance  on  the  order  of  a/2.  For  propagation  inside 
buildings  traditional  practice  is  to  average  the  signal  by 
moving  the  transmitter  or  the  receiver  over  a  spatial  area 
having  linear  dimension  of  10  to  20  wavelengths  (often 
in  a  circular  path)  to  remove  the  rapid  variation  .  The 
result  has  been  referred  to  as  the  sector  average. 

The  vertical  propagation  space  in  which  a  signal  can 
propagate  depends  on  the  environment  of  the  building. 
Typical  office  buildings  will  have  rooms  filled  with 
desks,  chairs,  file  cabinets,  low  partitions  etc.  that  define 
the  lower  boundary  of  the  clear  space  through  which  the 
signal  can  propagate.  The  upper  boundary  of  this  clear 
space  is  defined  by  support  beams,  pipes,  ventilation 
ducts,  lighting  fixtures.  For  a  signal  propagating  through 
the  rooms  of  an  office  building  the  vertical  propagation 
space  will  be  between  the  furniture  and  the  ceiling 
features  and  it  is  typically  1.5  -  2.5m. 

For  propagation  to  distant  points  only  the  forward 
scattering  through  small  angles  is  significant.  Fields 
resulting  from  scattering  that  occurs  at  large  angles  will 
influence  the  local  interference  pattern.  However  to 
contribute  at  distant  locations  the  fields  would  have  to 
be  rescattered  through  large  angles  there  by  further 
reducing  their  amplitudes.  Forward  scattering  is  not 
sensitive  to  the  shape  of  the  object  or  boundary 
conditions.  The  change  in  excess  path  loss  can  be 
understood  with  reference  to  the  witdh  of  the  first 
Fresnel  zone  for  the  source  and  receiver  antenna  at  the 
mid  point  of  the  clear  space. 

2.3.  Multilayer  Model  for  Separated  Floors 

In  order  to  examine  the  propagation  characteristics 
between  floors  of  a  building,  the  possible  paths  of 


propagation  must  be  determined.[4]  The  paths  through 
the  floors  include  the  direct  ray  paths  and  the  rays  that 
are  multiply  reflected  and  transmitted  at  the  walls  and 
floors.  These  ray  paths  are  contained  entirely  within  the 
building  perimeter.  The  diffracted  ray  paths  involve 
transmission  outside  the  building  through  windows  and 
diffraction  into  paths  that  run  along  side  the  face  of  the 
building,  propagating  until  they  reach  another  window, 
at  which  the  ray  reenters  the  building  at  a  different  floor. 
Floors  of  a  modem  office  buildings  are  typically 
constructed  with  precast  concrete  slabs,  reinforced 
concrete  or  concrete  poured  over  corrugated  steel 
panels.  UHF  signals  can  propagate  through  the  precast 
slabs  and  through  reinforced  concrete  with  a 
transmission  loss  at  each  floor.  Floors  constructed  over  a 
corrugated  steel  panels  seriously  limit  the  propagation 
through  the  floor. 

3.  MEASUREMENTS 

In  this  section  multilayer  structures  were  applied  to 
the  building  for  the  same  and  different  floors. 
Propagation  loss  measurements  were  done  in  the  first 
and  second  floors  of  TUBITAK  Marmara  Research 
Center  Building.  The  structure  of  each  floor  and  the 
placement  of  offices  are  the  same.(Fig.  2)  Each  floor  is 
divided  by  a  corridor.  70  %  of  the  outside  walls  of  the 
offices  are  composed  of  glasses.  Walls  are  concrete. 

3.1.  Automated  Measurement  System 

The  traditional  measurement  systems  do  not  allow  us 
to  scan  a  particular  frequency  range.  In  order  to  examine 
more  than  one  frequency,  the  synchronization  between 
the  transmiter  and  the  receiver  sites  must  be  provided. 
Therefore  several  researchers  have  deal  with  this 
problem. 

In  this  study,  a  synchronous  test  system  has  been 
used  for  the  attenuation  measurements  of  the  building 
through  the  rooms  in  the  same  floor. 


Figure  3.  Automated  measurement  setup 


The  measurement  setup  shown  in  Fig.3.  can  be  used 
to  measure  the  shielding  effectiveness  of  the  building. 
This  setup  allows  us  measuring  of  any  building 
automatically  by  using  the  IEEE  488  bus  with  GPIB 
(General  Purpose  Interface  Board)  control. 
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3.2.  Measured  and  Calculated  Results  for  Single  Floor 

Figure  4-7  shows  the  calculated  and  measured  results 
of  the  different  rooms  on  the  same  floor  for  200  MHz- 
1000  MHz.  Both  of  these  results  were  obtained  for  100 
frequency  step.  The  distance  between  the  receiver  and 
the  transmitter  seems  to  have  significant  effects  on  the 
calculated  results.  However  the  several  factors  effect  the 
wave  propagation  such  as  reflection  from  the 
transmission  media  (ceiling,  walls,  floor,  furniture  etc.) 
Therefore  some  differences  may  occur  between 
calculated  and  measured  results  although  these  effects 
were  considered  in  the  modeling  with  the  incident 
angles.  The  results  of  the  other  rooms  show  similar 
beaviour  as  seen  in  Fig.4  but  the  magnitudes  are 
different. 


SE  FOR  THE  FIRST  ROOM 


SE  FOR  THE  FOURTH  ROOM 


SE  FOR  THE  seventh  room 


Figure  6.  Results  for  the  seventh  room.(d=28.3m) 


The  peaks  seen  on  the  measured  graph  are  the  results 
of  ambient  radiation  which  are  inherent  in  the 
propagation  media  because  of  the  broadcasting  radio 
stations,  GSM  systems  and  TV  channels.  In  order  to 
understand  the  attenuation  characteristics  of  the  building 
at  a  single  frequency  results  were  focused  on  the  937 
and  952  MHz. 
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Figure  7.  Receiver  and  transmitter  are  on  the  same 
floor(937  MHz) 
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Figure  8.  Receiver  and  transmitter  are  on  the  same 
floor(952  MHz) 

For  the  same  floor  measurements  shielding  effectiveness 
results  were  normalized  with  respect  to  the  first  room 
result.  A  conical  log  spiral  antenna  was  used  as  a 
transmitter  antenna  and  a  biconical  antenna  was  used  as 
a  receiver  antenna.  Antenna  directivity  has  an  important 
role  on  the  measurement.  Because  of  the  directivity  of 
these  antennas  direct  path  is  the  most  important 
components  of  the  obtained  results. 

3.3.  Measured  and  Calculated  Results  for  Different 
Floors 

SE  calculation  inside  the  building  for  different  floors 
does  not  follow  the  same  tends  as  in  the  same  floor. 
Because  of  two  aspects  (1)  direct  path  and  (2)diffracted 


427 


path  show  different  attenuation  characteristics  through 
floors.  When  the  transmitter  and  the  receiver  antennas 
are  located  on  the  different  floors  it  is  expected  that  the 
direct  ray  has  more  effect  for  close  distance  while 
diffracted  waves  have  more  effects  for  large  seperation 
distances  of  the  antennas. 


Distance  Between  Transmitter  and  Receiver(m) 


Figure  9.  Receiver  and  transmitter  are  on  the  different 
floors  (937  MHz) 


Measured  and  Calculated  Results  for  Different  Floors 


Figure  10.  Receiver  and  transmitter  are  on  the  different 
floors  (952  MHz) 

In  this  study  directive  antennas  have  been  used  and  the 
main  lobes  of  their  radiation  patterns  were  not  aligned  to 
see  each  other  .  The  results  were  normalized  with 
respect  to  first  measurement  point  which  is  the  just 
beneath  of  the  transmitter  antenna.  Diffracted  ray  path 
for  the  one  floor  down  are  not  effective  because  of  the 
antenna  radiation  pattern  and  the  building  characteristic. 
Figure  9  and  10  show  the  measured  and  calculated 
results  for  different  floors  and  the  different  rooms 
through  a  corridor. 

4.  CONCLUSION 

In  this  study  the  results  of  the  measurements  have 
been  compared  with  the  results  obtained  from  the 
theoretical  approach.  We  have  seen  that  there  is 
consistency  especially  for  those  frequency  range  where 


the  clear  space  distance  falls  into  the  Fresnel  region  for 
the  same  floor  results.  The  different  floor  measurements 
were  carried  out  at  937  and  952  MHz  then  found  that 
they  are  close  to  the  theoretical  results  while  main  loobs 
of  the  antennas  cover  the  each  other. 

Multilayer  model  and  the  automated  measurement 
system  are  an  ideal  case  to  examine  building  attenuation. 
We  concluded  that  shielding  effectiveness  of  an  office 
building  increases,  depending  on  the  building  and 
antenna  characteristics,  approximately  10  dB  for  each 
room  for  the  same  and  different  floor. 
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Abstract  :  This  paper  describes  a  study  conducted  to 
characterise  the  radiation  emitted  by  microwave  ovens 
between  l  and  18  GHz,  both  inside  and  outside  the  oven 
allocated  band  (2.4  -2.5  GHz).  Results  are  presented  in 
conjunction  with  the  on-going  work  within  CISPR  Sub- 
Committee  B  which  is  currently  defining  emission  limits 
for  microwave  ovens  and  other  ISM  equipment  between  1 
and  18  GHz,  with  the  exclusion  of  the  allocated  ISM 
bands.  The  emphasise  is  on  the  frequency  and  time 
domain  characteristics  of  this  emission,  by  illustrating  the 
significant  difference  between  the  peak  and  the  average 
emitted  level.  Different  weighting  functions  are  discussed 
and  the  corresponding  measured  results  are  presented. 

1.  INTRODUCTION 

More  and  more  radio  services  are  operating  above  1  GHz, 
especially  the  new  mobile  radio  systems  (PCS  in  the  USA, 
DCS  1800  in  Europe,  PHS  in  Japan...),  and  they  will  have 
to  cope  with  the  electromagnetic  radiation  produced  by 
domestic  microwave  ovens.  Some  other  systems  such  as 
the  LEO  (Low  Earth  Orbit)  satellite  systems  or  the 
RLANs  (Radio  Local  Area  Networks)  are  allocated  inside 
the  ISM  band  (2.4  -  2.5  GHz). 

In  the  standardisation  field,  microwave  ovens  are 
classified  as  ISM  (Industrial,  Scientific  and  Medical) 
equipment  and  the  radiated  field  emission  limits  are  under 
the  scope  of  Sub-Committee  B  of  CISPR  (International 
Special  Committee  on  Radio  Interference).  At  present,  in 
the  relevant  standard  [1]  (CISPR  Publication  11),  limits 
between  1  and  18  GHz  are  under  consideration  except  in 
the  satellite  broadcasting  receiving  band  (11.7  to  12.7 
GHz)  where  the  oven  effective  radiated  power  (ERP)  is 
limited  to  57  dB(pW). 

To  try  to  improve  this  situation,  CISPR/B  has  set  up  in 
1994  an  ad-hoc  group  (chaired  by  the  author  of  this  paper) 
to  draft  some  emission  limits  between  1  and  18  GHz  for 
all  ISM  equipment  (except  inside  the  allocated  ISM  bands 
2.4  -  2.5  GHz  and  5.725  -  5.875  GHz  where  the  emission 
is  unrestricted).  A  new  draft  amendment  to  CISPR  1 1  will 
be  submitted  for  voting  in  the  first  half  of  1998. 


We  will  present  in  this  paper  results  of  measurement 
performed  in  our  laboratory  in  France  in  conjunction  with 
this  standardisation  activity.  All  data  presented  here  was 
obtained  using  the  measurement  method  defined  by  the 
CISPR  ad-hoc  group  :  measurement  distance  of  3  meters 
in  a  fully  anechoic  room,  resolution  bandwidth  of  1  MHz 
and  oven  loaded  with  one  litre  of  tap  water. 


2.  FREQUENCY  DOMAIN  MEASUREMENTS 

As  the  emission  of  an  oven  is  highly  fluctuating  with  time, 
measurements  in  the  frequency  domain  are  generally 
performed  in  max  hold  mode  with  a  peak  detector.  This 
method  obviously  maximises  the  emission  and  is  not 
representative  of  the  level  present  at  a  given  time,  but 
enables  to  identify  the  frequencies  of  maximum  emission 
for  each  oven. 

Although  every  type  of  microwave  oven  has  its  own 
frequency  «  signature  »,  it  is  generally  around  the  same 
frequencies  that  these  maximum  occurs.  We  will  give  here 
a  few  examples  of  emission  obtained  between  1  and  18 
GHz,  based  upon  which  some  general  characteristics  can 
be  deduced. 

In  general,  out  of  band  emissions  between  1  and  2  GHz 
are  rather  limited.  However,  some  of  the  ovens  we  have 
tested  exhibited  an  emission  peak  at  a  frequency 
corresponding  to  half  of  the  fundamental  frequency 
(1.225  GHz),  as  shown  on  figure  1. 


Figure  1  :  Emission  of  a  microwave  oven  between  1  and 
2  GHz  -  Max  hold  during  2  minutes  with  a  peak  detector 
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Between  2  and  3  GHz,  the  emission  is  important  only 
around  the  oven  allocated  band.  In  figure  2,  we  have 
shown  only  the  part  of  this  frequency  range  where  some 
emission  occurred  above  the  noise  level,  i.e.  between  2.1 
and  2.8  GHz.  The  main  characteristic  here,  that  is 
common  to  every  existing  oven  is  that,  although  the  oven 
allocation  (without  any  limitation  of  the  emission)  is  2.4  - 
2.5  GHz,  the  maximum  emission  occurs  between 
approximately  2380  and  2480  MHz.  This  has  two 
consequences  : 

-  just  below  the  allocated  band,  i.e.  at  2.4  GHz,  where 
CISPR  has  to  set  emission  limits,  the  emitted  levels  are 
very  high  (between  100  and  110  dBpV/m)  and  could 
disturb  future  mobile  radio  services  that  would  be 
allocated  here  ; 

-  in  the  upper  part  of  the  allocated  band,  emissions  are 
rather  limited.  For  this  reason  and  as  new  spectrum 
allocations  become  more  and  more  difficult  to  find,  the 
band  2483.5  -  2500  MHz  has  been  allocated  for  MSS 
(Mobile  Satellite  Systems). 

In  addition,  the  lowest  part  of  the  oven  band  has  been 
partially  allocated  to  Radio  Local  Area  Networks 
(RLANs).  For  example,  in  France  they  can  operate  only 
between  2446.5  and  2483.5  MHz.  These  systems  use 
spread  spectrum  modulation  techniques  that  are  felt  more 
immune  to  disturbances  produced  by  microwave  ovens 
than  traditional  modulation  techniques.  However,  if  they 
are  used  in  close  proximity  to  a  microwave  oven,  they  will 
experience  interference  that  will  at  least  increase  the  bit 
error  rate  and  therefore  prolong  the  transmission  time,  or 
even  drop  the  link. 


Figure  2  :  Emission  of  a  microwave  oven  between  2.1 
and  2.8  GHz  (including  the  allocated  band  2.4  -  2.5  GHz) 
Max  hold  during  2  minutes  with  a  peak  detector 


Between  3  and  10  GHz,  ovens  generally  show  significant 
emission  levels  only  in  the  frequency  range  shown  on 
figure  3  above,  i.e.  between  3.6  and  8.2  GHz.  As  the  oven 
second  harmonic  (4.9  GHz)  and  third  harmonic  (7.35 
GHz)  fall  within  this  range,  it  is  not  surprising  to  register 
high  emissions  at  these  frequencies.  More  interesting  is 
the  fact  that  significant  levels  occur  also  at  frequencies  in 
between  these  harmonics  ;  they  are  different  for  each 
oven,  an  example  is  given  on  figure  3.  They  may  be  due 
to  the  changing  of  the  load  during  the  oven  operation,  and 
they  are  produced  less  frequently  than  the  harmonics. 
Another  characteristic  is  that  the  fourth  harmonic  (9.8 
GHz),  not  shown  here,  did  not  appear  above  the  noise 
level  for  all  the  ovens  we  have  tested. 


Figure  3  :  Emission  of  a  microwave  oven 
between  3.6  and  8.1  GHz 
Max  hold  during  2  minutes  with  a  peak  detector 


Between  10  and  18  GHz  (figure  4),  three  harmonics 
frequencies  are  met  :  5th  (12.25  GHz),  6th  (14.7  GHz) 
and  7th  (17.15  GHz).  They  all  appear  on  the  graph,  but 
only  the  level  of  the  sixth  is  significant.  This  is  due  to  the 
fifth  harmonic  choke  that  is  routinely  installed  on  all 
magnetron  to  meet  the  only  existing  emission  limit,  that 
suppress  the  fifth  and  also  the  seventh  harmonic,  but  that 
has  the  disadvantage  to  increase  the  level  at  other 
harmonics  (especially  the  6th). 


Figure  4  :  Emission  of  a  microwave  oven 
between  10  and  18  GHz 

Max  hold  during  2  minutes  with  a  peak  detector 


3.  TIME  DOMAIN  MEASUREMENTS 

Due  to  the  way  the  energy  is  produced  inside  a 
magnetron,  the  knowledge  of  the  frequency  spectrum  is 
not  sufficient  to  evaluate  the  interference  potential  of  a 
microwave  oven  towards  radio  systems.  For  this  reason, 
time  domain  measurements  were  also  performed  and 
results  are  presented  here.  They  are  obtained  with  a 
spectrum  analyser  set  with  a  null  frequency  span. 

Figure  5  show  the  time  variations  of  the  emission  at  the 
nominal  operating  frequency.  The  emission  is  present 
only  half  of  the  time  (half  wave  rectified  a.c.)  and  two 
main  emission  bursts  appear  during  one  mains  cycle.  If 
observed  during  a  longer  time,  we  would  see  that  the 
maximum  level  of  these  bursts  also  change  with  time  (for 
example  between  100  and  120  dBpV/m)  depending  on  the 
variations  of  the  load  inside  the  oven. 
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Figure  5  :  Time  domain  measurement  at  2450  MHz 
(oven  centre  frequency)  during  100  ms  (5  mains  periods) 


Figures  6  and  7  show  the  time  variations  at  two  randomly 
chosen  frequencies,  one  above  and  one  below  the  ISM 
band.  It  should  be  mentioned  first  that,  at  these 
frequencies  not  corresponding  to  a  specific  high  emission 
(harmonic...)  the  levels  encountered  are  very  low  and  are 
in  fact  lower  than  the  noise  floor  of  the  frequency  domain 
measurements  performed  in  max  hold  mode  and  presented 
before.  Here  again,  the  influence  of  the  mains  frequency 
modulation  can  be  clearly  seen,  with  also  two  bursts  every 
mains  period.  But,  additional  randomly  appearing  bursts 
are  also  experienced  (for  example  at  5  ms  on  figure  6  or  at 
90  ms  on  figure  7). 


Figure  6  :  Time  domain  measurement  at  2000  MHz 
during  100  ms  (5  mains  periods) 


Figure  7  :  Time  domain  measurement  at  2600  MHz 
during  100  ms  (5  mains  periods) 


In  general,  the  time  domain  behaviour  of  a  microwave 
oven  can  be  summarised  as  follows  : 


-  the  emission  is  impulsive  and  «  modulated »  by  the 
mains  signal  :  20  ms  (50  Hz)  periodicity  of  the 
emission ; 

-  around  the  operational  frequency,  the  emission  is  nearly 
present  half  of  the  time,  whereas,  as  we  move  away 
from  this  band,  the  emission  becomes  more  and  more 
scarce  ; 

-  the  amplitude  of  the  pulses  randomly  varies  with  time. 

The  consequence  is  that,  when  frequency  domain 
measurements  are  performed,  the  result  very  much 
depends  on  the  type  of  detector  used  :  the  peak  level  is 
significantly  higher  than  the  average  level,  especially  as 
we  move  away  from  the  oven  band.  This  has  an  influence 
on  the  interference  potential  towards  radio  systems  :  for 
the  same  peak  level,  microwave  ovens  are  much  less 
disturbing  than  a  CW-like  source  (Information 
Technology  Equipment  for  example). 

For  measurements  above  1  GHz  for  all  kind  of  non  radio 
equipment,  CISPR  is  currently  defining  the  suitable 
detector,  and  the  solution  chosen  is  to  use  a  peak  detector 
that  is  quick  and  easy  to  use.  But,  for  microwave  ovens, 
the  ad-hoc  group  concluded  that  there  is  a  need  for  an 
additional  measurement  more  representative  of  the 
average  emission  level. 

4.  DISCUSSION  OF  A  WEIGHTING  METHOD 

The  ad-hoc  group  deliberately  investigated  only  weighting 
functions  that  would  be  easy  to  use  and  commercially 
available  on  most  of  the  existing  spectrum  analysers.  The 
aim  was  certainly  not  to  design  a  new  detector,  as  it  was 
done  in  the  past  for  the  CISPR  quasi-peak  detector.  For 
this  reason,  only  the  following  options  were  considered  : 

-  use  of  the  trace  (or  video)  averaging  function  :  the 
displayed  level  is  the  average  of  a  series  of  individual 
sweeps  performed  with  a  peak  detector  ; 

-  a  reduction  of  the  video  bandwidth  (VBW)  on  the 
spectrum  analyser  :  it  reduces  and  filters  the  brief 
isolated  emissions  and  retains  only  the  more  permanent 
emissions. 

For  both  of  these  methods,  one  drawback  was  identified  : 
if  the  measurements  are  performed  in  logarithmic  display 
(as  it  is  the  case  for  all  the  curves  here),  both  the  trace  and 
the  video  bandwidth  average  the  logarithmic  levels  and 
not  the  linear  ones.  As  a  consequence,  for  example  if  a 
square  pulsed  signal  (half  on,  half  off)  at  a  level  of  60 
dBpV/m  is  measured,  the  level  indicated  by  both  detectors 
will  be  30  dBpV/m,  whereas  the  true  average  level  would 
be  54  dBpV/m.  And,  the  measurement  of  a  microwave 
oven  emission  in  linear  display  is  nearly  impossible  to 
perform.  For  this  reason,  the  term  « weighted »  was 
chosen  for  this  type  of  measurement  rather  than 
«  average  ». 

Figure  8  shows  the  result  obtained  with  the  first  method 
(trace  averaging)  as  compared  with  a  classical  max  hold 
result.  As  can  be  seen,  the  two  curves  drastically  differ, 
illustrating  once  again  the  fluctuating  nature  of  the  oven 
emission.  In  fact,  the  same  frequency  is  emitted  so  rarely 
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that,  except  in  the  middle  of  the  allocated  band,  the 
« average  logarithmic  level »  falls  within  the  noise. 
Therefore,  this  method  cannot  be  used  to  characterise  the 
emission  outside  the  oven  band. 


Figure  8  :  Measurement  of  a  microwave  oven 
in  the  frequency  domain  with  a  peak  detector 
in  max  hold  mode  (upper  curve) 
and  in  trace  averaging  mode  (lower  curve) 

Figure  9  show  the  result  obtained  with  the  second  method 
(reduction  of  the  VBW)  as  compared  with  a  classical  max 
hold  result.  The  noise  level  is  highly  reduced  by  the 
weighting,  as  well  as  the  frequency  of  emission  of  the 
oven,  also  showing  that  these  emissions  are  not  permanent 
(if  the  source  was  CW  like  the  clock  of  an  Information 
Technology  Equipment,  both  methods  would  give  nearly 
the  same  level).  It  can  also  be  seen  that  this  weighting 
technique  is  more  useful  to  assess  levels  outside  the 
allocated  band. 


Frequency  (MHz) 


Figure  9  :  Measurement  of  a  microwave  oven 
in  the  frequency  domain  with  a  peak  detector 
(upper  curve)  and  a  reduction  of  the  video  bandwidth 
to  1  kHz  (lower  curve) 

Based  on  these  results,  the  reduction  of  the  VBW  was 
chosen  as  the  weighting  method  for  measurements  of 
ISM.  The  ad-hoc  group  then  discussed  what  value  of  the 
VBW  was  the  most  appropriate.  Considering  that  the  oven 
is  modulated  by  the  mains  frequency  (50  or  60  Hz),  it  was 
concluded  that  a  value  lower  than  the  latter  was  needed  in 
order  to  obtain  the  average  (in  logarithmic  units)  of  the 
emission.  For  this  reason,  the  value  of  10  Hz  was  chosen. 


5.  CISPR/B  PROPOSALS  FOR  LIMITS 

This  section  summarises  the  content  of  the  latest  draft  that 
will  be  distributed  to  the  CISPR  National  Committees  in 
the  first  half  of  1998  proposing  limits  between  1  and  18 
GHz.  The  rationale  upon  which  the  values  of  the  limits 
themselves  have  been  derived  is  not  explained,  only  the 
main  principles  and  the  measurement  technique  to  be  used 
will  be  detailed. 

We  have  seen  that  for  microwave  ovens,  high  peak  levels 
can  be  tolerated,  as  the  average  emission  level  is  very 
much  lower.  But,  when  elaborating  the  proposal,  one 
element  to  take  into  account  is  that  microwave  ovens  are 
only  one  specific  kind  of  ISM  (although  the  most  widely 
spread)  and  that  it  may  exist  CW-like  ISM  sources  (some 
prototypes  are  already  under  development),  for  which 
high  peak  levels  would  surely  disturb  the  radio  services  to 
be  protected  above  1  GHz. 

For  these  reasons,  a  two-tier  approach  was  defined  : 

-  a  first  measurement  is  performed  in  peak  max  hold 
mode.  If  all  emissions  between  1  and  18  GHz  (except 
inside  the  ISM  bands)  are  below  a  level  of  70  dB  pV/m, 
then  no  additional  measurement  is  necessary.  If  this 
level  is  exceeded  (it  is  the  case  for  all  existing 
microwave  ovens),  then  the  measured  result  is  compared 
to  the  limits  given  in  Table  1  below.  The  equipment  is 
declared  compliant  if  these  limits  are  met  and  provided 
that : 

-  a  second  measurement  is  performed  with  the  weighted 
method  discussed  above  (VBW  reduced  to  10  Hz)  at 
two  spot  frequencies  with  regard  to  the  limit  given  in 
Table  2  below. 

To  summarise,  for  CW-like  sources,  only  one  peak 
measurement  is  necessary  and  for  fluctuating  sources,  one 
peak  and  one  weighted  measurement  are  required  (and 
both  Table  1  and  Table  2  limits  shall  be  met). 


Table  1  -  Electromagnetic  radiation  disturbance  peak 
limits  for  Group  2  Class  B  ISM  operating  at  frequencies 
above  500  MHz  (peak  measurements  with  a  resolution 
bandwidth  of  1  MHz  and  a  video  bandwidth  higher  or 
equal  to  1  MHz) 


Frequency  range 
(GHz) 

Field  strength  at  a 
measurement  distance  of 
3  metres  (dB(pV/m) 

1 

-  2.3 

92 

2.3 

-  2.4 

110 

2.5 

-  5.725 

92 

5.825 

-  11.7 

92 

11.7 

-  12.7 

73 

12.7 

-  18 

92 

Note  :  Limits  of  this  table  were  derived  considering  fluctuating 
sources  like  magnetron  driven  microwave  ovens. _ 
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Table  2  -  Electromagnetic  radiation  disturbance 
weighted  limits  for  Group  2  Class  B  ISM  operating  at 
frequencies  above  500  MHz  (weighted  measurements 
with  a  resolution  bandwidth  of  1  MHz  and  a  video 
bandwidth  of  10  Hz) 


Frequency  range 
(GHz) 

Field  strength  at  a 
measurement  distance  of 
3  metres  (dB(pV/m) ; 
VBW  =  10  Hz 

1  -  2.4 

60 

2.5  -  5.725 

60 

5.825  -  18 

60 

To  check  the  limits  of  this  table,  measurements  need  only 
to  be  performed  around  two  centre  frequencies  :  the 
highest  peak  emission  in  the  1005  MHz  -  2395  MHz  band 
and  the  highest  peak  emission  in  the  2505  -  17995  MHz 
band  (outside  the  band  5720  -  5830  MHz).  At  these  two 
centre  frequencies,  measurements  are  performed  with  a 
span  of  10  MHz  on  the  spectrum  analyser. 


6.  CONCLUSION 

Past  standardisation  efforts  to  set  emission  limits  for 
microwave  ovens  have  not  been  successful  due  to  the 
following  paradox  :  microwave  ovens  exhibited  extremely 
high  peak  emission  levels  but,  at  the  same  time,  when 
experiments  of  their  effects  on  radio  systems  were  made, 
very  limited  disturbances  were  experienced. 

Since  a  few  years,  more  in  depth  technical  studies,  as  the 
one  described  in  this  paper,  enabled  to  understand  better 
the  technical  reasons  of  this  paradox.  As  explained  here, 
the  main  reason  is  the  fluctuating  nature  of  the  oven 
emission  with  basically,  at  a  given  frequency,  two  major 
pulses  emitted  every  mains  period. 


Therefore,  the  ratio  between  the  peak  and  the  average 
power  is  very  high  in  the  case  of  microwave  ovens.  The 
resulting  effect  on  radio  systems  (nearly  all  digital  above 
1  GHz)  very  much  depends  on  the  maximum  tolerable  bit 
error  rate  of  the  latter  :  for  systems  like  fixed  links  that 
can  drop  the  link  at  error  rates  of  10'7  -  1 0'5,  interferences 
are  likely  to  occur,  whereas  for  modem  mobile  services 
like  cellular  telephones  that  can  withstand  error  rates  as 
high  as  10'2,  the  threat  is  in  a  great  part  reduced  or  will 
occur  for  a  higher  level  of  the  interferer. 

As  it  was  not  realistic  to  define  a  specific  limit  and 
measurement  method  (weighting  detector)  for  each  and 
every  existing  and  planned  radio  service  allocated 
between  1  and  1 8  GHz,  the  CISPR  ad-hoc  group  in  charge 
of  this  work  choose  a  medium  solution  that  is  presented  in 
the  last  part  of  this  paper.  We  can  reasonably  hope  that  it 
should  as  a  first  step  solve  most  of  the  potential 
interference  situations  outside  of  the  allocated  ISM  bands. 
For  systems  allocated  inside  the  oven  band  (Low  Earth 
Orbit  satellites  and  Radio  Local  Area  Networks),  further 
studies  are  necessary. 
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Corrosion  of  steel  is  recognised  as  one  of  the  major 
problem  of  the  Polish  economy.  The  main  modern  method 
for  corrosion  protection  is  the  Impressed  Current 
Cathodic  Protection  (ICCP).  The  primary  element  of  each 
ICCP  systems  are  special  controlled  sources  of  direct 
current  (rectifiers).  ICCP  systems  are  exposed  on 
different  electromagnetic  infuences.  In  the  paper  EMC 
requirements  and  test  methods  existing  in  actual 
standardised  documents  suitable  for  specific  ICCP 
systems  are  presented.  Selected  results  of  testing  of 
special  marine  ICCP  system  are  showed  too. 

1.  INTRODUCTION 

Corrosion  of  metals  costs  the  Polish  economy  more 
than  one  year's  budget  on  defence,  health  service  and 
education  globally  [1],  Corrosion  of  steel  is  recognised  as 
one  of  the  major  contributors  on  these  losses.  The  basic 
dements  of  steel  constructions  ventured  on  corrosion 
conditions  are  marine  stable  constructions  such  as  pierces 
and  pilings,  sailing  objects  i.e.  ships  and  warships, 
underground  pipe's  systems,  land  constructions  as  bridges 
and  roads  etc.  Approximately  one-third  of  costs  of 
corrosion  could  be  reduced  by  application  of  the  best 
corrosion-related  technical  practices,  but  not  everybody 
realises  necessity  of  corrosion  protection.  However  there 
are  seen  changes  in  that  area,  for  example  Ministry  of 
Communication  have  given  instruction  requiring  to 
obligatory  applying  of  standards  in  corrosion  protection 
area  by  users. 

The  potential  difference  between  the  two  metal 
surfaces,  in  ships  between  steel  hull  and  bronze  propeller, 
is  the  driving  force  of  corrosion  current  flow.  Corrosion 
current  (ionic  current)  is  cause  of  transportation  of 
material  from  one  electrode  (anode-steel)  to  the  other 
(chatted-bronze).  The  main  modern  method  for  corrosion 
protection  is  cathodic  protection  (CP).  The  decreasing  of 
the  corrosion  potential  of  anode  surface  by  applying  a 
current  is  the  basic  of  cathodic  protection.  An  optimum 
polarisation  level  for  steel  is  in  the  range  from  -  0.90  V  to 
-  0.95  V  (vs.  Ag/AgCl  seawater  reference  electrode). 

Cathodic  protection  can  be  imparted  bv  using  either  a 
sacrificial-anode  systems  of  impressed-current  cathodic 
protection  (ICCP).  Sacrificial-anode  system  bases  on 
electronegative  potential  of  anode's  material.  It  provide 
adequate  cathodic  current  to  the  attached  structure  by 


gradually  consuming  the  potential  of  the  structure  and 
maintaining  it  in  the  protective  range.  In  ICCP  systems 
cathodic  current  is  generated  by  special  system  of  direct 
current  supplied  anodes.  The  primary  element  of  each 
ICCP  systems  are  special  controlled  sources  of  direct 
current  (rectifiers). 

Protected  structures  are  located  in  different  areas  with 
various  corrosion  hazards  and  operating  conditions,  so 
ICCP  systems  are  exposed  on  different  influences,  among 
them  on  electromagnetic  noise  too.  Today's  switch  -  mode, 
digital  controlled  rectifiers  are  exposed  on 
electromagnetic  hazards  of  environment  and  are  sources 
of  damaging  electromagnetic  radiation. 

Polish  Ministry  of  Defence  has  given  in  1997  order 
demanding  certification  for  some  main  systems  for 
warships  among  other  CP  systems.  For  ships  electronic 
devices  exist  special  needs  in  EMC  area,  they  should  have 
in  general  great  level  of  EM  immunity  and  low  of  EM 
noise  emission  [2]  harmonised. 

For  certification  there  is  needed  reference  document 
containing  technical  requirements  of  ICCP  systems 
including  EMC  requirements.  There  exists  several 
standards  and  other  reference  documents  containing 
requirements  on  ICCP  systems,  especially  in  safety  area 
[3*8]  but  they  are  incomplete.  The  European  Directive  on 
EMC  -  EEC/336/89  -  sets  requirements  on  both  emission 
and  immunity  levels  for  EMC.  In  Poland  several 
harmonised  standards  are  already  available,  or  are  in 
discussion  and  development,  or  are  under  consideration 
but  they  aren't  complete.  So,  it  was  necessary  to  complete 
specific  EMC  requirements  for  specific  devices  (ICCP- 
systems)  used  in  specific  environment  (warship). 

These  works  suggested  to  divide  ICCP  systems  on 
several  groups  which  differ  specific  environmental 
conditions  of  their  using  and  to  define  basic  EMC 
requirements  for  these  groups  of  devices. 

2.  ICCP  SYSTEM  FOR  MIDDLE  SIZE  SHIPS 

Impressed  Current  Cathodic  Protection  system  offers 
effective  corrosion  protection  of  submerged  marine 
structures,  so  ICCP  system  (MPOK-2  type)  intended  for 
middle  size  ships  is  described  in  that  chapter. 

The  schematic  of  that  system  is  shown  on  fig.  1.  There 
exist  two  main  units  (subsystems)  in  that  system.  First  is 
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the  switch-mode  rectifier  (3)  which  can  deliver  smoother 
DC  output  then  classic  thyrystor  based  rectifier. _ 
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Fig  1.  Block-diagram  of  ICCP  -  MPOK-2  type 


It  ensures  better  regulation,  and  the  ability  to  accurately 
control  of  voltage  and  current  from  zero  to  maximum 
ratings  too.  The  second  of  the  main  units  of  described 
system  is  control  unit  (1).  Control  unit  acquires 
information  from  control  electrodes  (El.E2....En)  by 
measurement  amplifiers  (2).  From  the  other  side  operator 
has  ability  to  set  control  parameters  from  keys  (5)  and  to 
inspect  parameters  of  work  of  protective  anodes 
(Al,A2,...Am)  by  monitor.  Because  of  great  density  of  the 
electronic  devices  in  ship  engineering  EMC  must  be  taken 
into  account  during  the  design  and  concept  phase  of  new 
apparatus  and  equipment  and  is  becoming  a  basic 
requirement  during  the  system  design,  at  the  same  level  as 
safety  or  cost  -  analysis. 


3.  PROPOSALS  OF  EMC  REQUIREMENTS  FOR  ICCP- 
SYSTEMS 


EMC  is  a  necessity  for  disturbance-free  operation  of 
all  electrical/electronic  apparatus,  systems  and 
installations  that  are  to  be  used  in  a  common 
electromagnetic  environment.  Further,  EMC  is  now  also 
an  important  requirement  for  any  electrical  product  being 
placed  on  different  environmental  conditions.  The 
relevant  legislation  usually  refers  to  standards  that  define 
both  standardised  test  methods  and  certain  minimum 


EMC  requirements.  In  Poland  intensive  efforts  are 
devoted  to  developing  suitable  standards  for  all  kinds  of 
products,  but  it  will  take  some  times.  In  that  communicate 
authors  have  tried  to  complete  EMC  requirements  and 
test  methods  existing  in  actual  standardised  documents 
suitable  for  specific  ICCP  systems  [9-5-14]. 

Because  of  their  different  application  ICCP  systems 
are  used  in  different  environmental  conditions,  so  system 
is  also  categorised  according  to  where  it  will  be  used  and 
three-level  classification  scheme  has  been  developed: 

•  industrial  environment  -  closed  industrial 
compartments, 

•  field,  open  area  environment, 

•  vessels,  ship  environment  -  affect  other  closed 
marine  structures  too. 

Proposals  for  Technical  Regulations  in  EMC  which 
should  be  reference  document  in  performing  ICCP 
equipment  assessments  in  certification  process  is  after- 
mentioned  (table  1  and  table2).  In  table  1  are  mentioned 
requirements  in  immunity  scope  and  in  table2  in  emission 
disturbances  scope.  There  are  called  the  main  obligatory 
in  Poland  national  and  international  standards  and  CISPR 
technical  regulations  as  sources  of  needs  and  obligatory 
measurement  methods. 

4.  RESULTS  OF  MEASUREMENTS 

The  results  of  EMC  tests  of  MPOK-2  ICCP  system  is 
after  mentioned.  It  was  checked  in  laboratory  condition 
only.  During  the  tests  real  circuit  was  simulated  by  model 
reference  electrodes,  anodes  and  ship's  hull  in  tank  poured 
by  sea  water.  The  appliance  was  in  operation  state  during 
testing.  Total  length  of  cables  and  power  wires  were  less 
then  2  meters. 

The  purpose  of  the  test  was  to  check  perform  system 
which  is  produced  by  Polish  industry,  desired  function 
without  unacceptable  degradation  from  or  to  the  specified 
electromagnetic  environment.  The  immunity  to  conducted 
interference  or  noise  generated  by  radiated  fields  and 
disturbance  emission  were  the  main  aim  of  tests.  The 
limits  of  requirements  parameters  are  specified  in  table  1 
and  2. 


Table  1  —  Index  of  electromagnetic  compatibility  requirements  in  emission  disturbances  scope 


Nr 

Requirements 

Basic  Standards 

Measurement 

methods 

Environment  of  exploitation 

Industrial 

Field; 
open  area 

Vessels 

1 

2 

3 

4 

5 

6 

7 

1 

Conducted  disturbance  for 
frequency  bands  10  kHz  to  10  MHz 

MIL-STD  46  ID 
Requirement  CE102 

STANAG 

4436 

+ 

- 

+ 

2 

Radiated  disturbance  for  frequency 
bands  30  Hz  to  100  kHz 

Wmmm 

STANAG 

4436 

+ 

+ 

Explanations  to  column  5,  6  i  7:  "+"  examination  is  performed;  examination  isn't  performed. 
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Table  2  —  Index  of  electromagnetic  compatibility  requirements  in  immunity  disturbances  scope 


Nr 

Requirements 

Basic 

Standards 

Measurement 

methods 

Environment  of  exploitation 

Industrial 

Field;  open 
area 

Vessels 

1 

2 

3 

4 

5 

6 

7 

1 

Nuclear  electromagnetic 
pulse  NEMP 

WPN-84/N- 
01003 
Table  31 

WPN-85/N- 
01007  p.6 

- 

+ 

+ 

2 

* 

Lighting  electromagnetic 
pulse  LEMP 

EN 

61000-4-5 

EN  61000-4-5 

- 

+ 

- 

3 

Electro  Static  Discharge 

PN-IEC- 

801-2 

PN-IEC-801-2 

+ 

- 

+ 

1 

Fast  transient  5/50  ns 
inducted  in  power  line  and 
In/Out  circuits 

PN-IEC- 

801-4 

PN-IEC-801-4 

+ 

+ 

+ 

5 

High  energy  1,2/50  ps  pulse 
inducted  in  power  lines 

PN-IEC- 

801-2 

PN-IEC-801-5 

+ 

+ 

+ 

6 

Damped  sinusoid  test  wave 
form  1  MHz 

MIL-46  lc 

MIL-46  lc 

+ 

+ 

+ 

7 

Radio-frequency 
electromagnetic  field 
immunity  test 

PN-IEC 

1000-4-3 

PN-IEC 

1000-4-3 

+ 

+ 

+ 

Remarks  to  column  5,  6  i  7: 

"+"  examination  is  performed;  examination  isn't  performed. 


A 

The  nuclear  electromagnetic  pulse  and  lighting 
electromagnetic  test  weren't  done. 

The  purpose  of  the  test  was  to  check  station  resistance 
to  the  electrostatic  discharge  as  may  occur  when  personnel 
direct  or  indirect  (by  neighbourhood's  devices)  touch  the 
appliance.  First,  the  resistance  of  the  system  was  to  be 
checked,  while  generating  discharges  to  the  cover.  Second 
the  discharge  was  generated  to  the  Horizontal  Coupling 
Plane  (HCP).  Therefore,  checked  the  product  resistance  to 
the  pulse  of  short  duration  generated  by  switching 
contacts  or  short  circuits  in  electric  equipment  and 
conducted  to  the  product.  The  purpose  of  the  test  was  to 
check  station  resistance  to  short-duration  interference 
generated  by  switching  contacts  and  short  circuits  and 
conducted  to  the  equipment. 

Furthermore  purpose  of  the  test  was  to  check  station 
resistance  to  discharge  pulses  existing  in  power  lines 
indicated  by  nuclear  explosive,  atmospheric  pulse  lighting 
and  switching  inductive  or  capacitive  contacts. 


The  latter  three  of  the  tests  were  made  using 
coupling/decoupling  network  to  AC  line  and  capacitive 
coupling  network  to  iqput  line  (reference  electrode  circuit) 
and  output  line  (anode  circuit). 

The  last  immunity  test  was  to  check  station  resistance 
to  electromagnetic  field  (E-field)  indicated  by  radio  and 
radar  transmitters  stations.  The  test  signals  are  radiated  by 
parallel  plate  lines  powered  by  power  signal  generator 
(1  kW).  The  field  intensity  were  measured  using  fibre 
optical  to  separate  measuring  devices.  During  the  tests, 
station  with  models  reference  electrodes,  anodes  and 
ship's  hull  in  tank  poured  by  sea  water  was  placed  in  area 
of  parallel  plate. 

Electrical  disturbance  emission  was  the  second  group 
of  tests.  This  test  methods  were  used  to  verify  that 
electromagnetic  emission  from  the  station  do  not  exceed 
the  specified  conducted  and  radiated  requirements  showed 
in  table  1 . 
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Table  3  Results  of  measurements 


Nr 

Requirements 

Test 

definition 

Results  of 

measurements 

.  1 

Electro  Static  Discharge: 

-  indirect  discharge  to  HCP 

-  direct  discharge  to  cover 

6  kV 

8  kV 

Favourably*) 

Favourably 

2 

Fast  transient  5/50  ns  inducted  in: 

1.  AC  line  L 

2.  AC  line  N 

3.  PE  line 

4.  Input  line  -  reference  electrode 

5.  Output  line  —  anode  circuit 

Polarisation "  ± " 
2.0  kV 

2.0  kV 

2.0  kV 

0.5  kV 

1.0  kV 

Favourably 

Favourably 

Favourably 

Favourably 

Favourably 

3 

Damped  sinusoid  test  wave  form  1  MHz: 

1.  AC  line  L 

2.  AC  line  N 

3.  PE  line 

4.  Input  line  -  reference  electrode 

5.  Output  line  —  anode  circuit 

Polarisation  "  ±" 

1.0  kV 

1.0  kV 

1.0  kV 

0.5  kV 

1.0  kV 

Favourably 

Favourably 

Favourably 

Favourably 

Favourably 

4 

High  energy  l,2/50ps  pulse  inducted  in  power  lines  L  &  N 

Polar. "  ± " 

2.0  kV 

Favourably 

5 

Radio-frequency  electromagnetic  field  immunity  test: 

1  MHz  to  30  MHz 

>10  V/m 

Favourably 

6 

Conducted  disturbance  for  frequency  bands  from  10  kHz  to 
10  MHz 

MIL-STD  46 ID 
Requirement  CE102 

Fig.  2 

7 

Radiated  disturbance  for  frequency  bands  from  30  Hz  to 
100  kHz 

MIL-STD  46 ID 
Requirement 
RE101 

Fig.  3 

*)  Definition  "favourably"  it's  mean  that  the  test  didn't  make  interrupts,  obstructs,  or  otherwise  degrades  or  limits 


the  effective  performance  of  station 


Fig.  2.  Conducted  disturbance  generated  by  ICCP  Fig.  3  Radiated  disturbance  generated  by  1CCP 

system  for  frequency  bands  from  10  kHz  system  for  frequency  bands  from  30  Hz 

to  10  MHz  ’  to  100  kHz 
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5.  CONCLUSION 

EMC  is  a  necessity  for  disturbance-free  operation  of 
all  electrical/electronic  apparatus.  systems  and 
installations  that  are  to  be  used  in  a  common 
electromagnetic  environment.  ICCP  systems  are  exposed 
on  different  influences,  among  them  on  electromagnetic 
noise  too.  It  was  necessary  to  complete  specific  EMC 
requirements  for  specific  devices  (ICCP-systems)  used  in 
specific  environment.  The  results  of  EMC  tests  of 
MPOK-2  ICCP  system  used  on  warships  have  showed  that 
using  of  compliance  engineering  in  EMC  during 
designing  and  manufacturing  of  that  system  allowed  to 
obtain  satisfactory  results  in  immunity  and  emission. 
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Abstract'.  The  electrosurgical  unit  is  one  of  the  most 
harmful  sources  of  electromagnetic  emissions  used 
during  surgery  procedures.  Its  emissions  can  interfere 
with  other  medical  equipments  installed  in  the  same 
environment,  like  patient-connected  devices,  wich  are 
the  most  susceptible  devices  to  electromagnetic 
interference  -EMI-  problems.  These  problems  had  or 
could  have  had  life-threatening  consequences  for 
patients  and  medical  staff,  thus  justifying  the  need  for 
studying  this  subject.  The  main  goals  of  this  work  are: 
to  quantify  with  special  equipments  (spectrum  analyser, 
antenna  and  a  Line  Impedance  Stabilization  Network  - 
LISN)  the  electromagnetic  emissions  ( conducted  and 
radiated)  of  an  Electrosurgical  Unit  -ESU-,  to  verify  if 
these  emissions  are  in  accordance  with  the 
Electromagnetic  Compatibility  -EMC-  standards  for 
medical  devices  and,  based  on  this  analysis,  to  propose 
a  set  of  alternatives  do  reduce  the  EMI  generated  by 
Electrosurgical  Units.  The  results  of  the  measurements 
of  the  electromagnetic  emissions  from  an  ESU  prove 
that  its  emissions  are  greater  than  the  emissions 
thresholds  imposed  by  the  EMC  standards  for  medical 
devices. 

1. INTRODUCTION 

The  operation  of  electronic  equipments  generates 
electromagnetic  waves  that  spread  for  conduction,  for 
radiation  or  for  a  combination  of  these  two  ways.  The 
“electromagnetic  pollution”  produced  by  these 
emissions  can  interfere  with  other  equipments  wich  are 
near  of  the  source  of  electromagnetic  emissions. 
Depending  on  the  number  of  equipments  installed  in  the 
same  environment,  the  problems  of  electromagnetic 
interference  can  become  more  hostile  than  those  caused 
due  to  the  operation  of  only  one  equipment. 

Due  to  the  growing  use  of  electronic  equipments 
in  hospitals,  the  electromagnetic  interference  among 


equipments  is  one  of  the  most  dangerous  problems  of 
electrical-nature  that  has  been  observed  during  surgery 
procedures.  A  study  accomplished  during  three  months 
with  the  professionals  of  a  hospital  located  in  Sao  Paulo 
(a  brazilian  state)  showed  that  47%  of  electrical-nature 
problems  during  surgery  procedures  are  due  to 
electromagnetic  interference  with  equipments  [1]. 

These  problems  had  or  could  have  had  life- 
threatening  consequences.  Because  of  this,  it  is 
important  that  engineering  and  medical  staff  are  aware 
of  some  of  the  complex  interactions  these  devices  can 
create.  Managing  this  emerging  problem  should  be  a 
concern  for  the  medical  comunity  and  engineering  staff 
should  be  able  to  comunicate  effectively  with  medical 
staff,  patients,  and  visitors  regarding  potential 
interactions  and  how  to  recognize  them  and  mitigate 
their  consequences,  thus  justifying  the  need  for  studying 
this  subject  [2], 

The  great  incidence  of  electromagnetic 
interference  problems  in  surgery  rooms  is  justified 
because  in  these  environments  are  installed  some 
devices  wich  are  the  most  susceptible  to  electromagnetic 
interference,  like  patient-connected  equipments  and 
other  wich  are  the  most  harmful  sources  of  EMI,  like 
electrosurgical  units  and  perfusion  machines.  Because  of 
this,  it  is  important  to  evaluate  the  “electromagnetic 
pollution”  generated  by  the  devices  installed  in  this 
environment  in  order  to  mitigate  electromagnetic 
interference  problems. 

2.  ELECTROSURGICAL  UNITS 

The  electrosurgical  units  (Fig.  1)  are  devices 
used  for  cutting  and  coagulating  human  tissues  during 
surgery  procedures  and  they  are  harmful  sources  of 
electromagnetic  interference  because  their  operation 
generates  high  energy  (300  watts  of  power  for  some 
procedures)  and  broadband  emissions  wich  can  spread 
for  conduction  or  radiation. 
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The  cutting  and/or  coagulating  of  the  tissues 
during  electrosurgical  procedures  happens  because  of 
the  0.5-2  MHz  radio- frequency  current  wich  is  delivered 
to  the  tissue  by  a  hand-held  probe  (active  electrode  in 
Fig.  1).  The  large-area  passive  electrode  provides  a  safe 
return  path  for  the  electrosurgical  current  wich  spreads 
through  the  human  body  (a  conduction  path  for 
electromagnetic  emissions)  [3]. 


Fig.  1.  Electrosurgical  unit  [3] 


electrosurgical  signals  generated  because  of  the  high 
frequency  electrosurgical  currents  conducted  through 
the  patient  body.  These  signals,  as  well  as  the  one 
radiated  through  the  air,  after  being  received  by  the 
ECG  monitor,  can  be  misunderstood  as  biological 
signal,  degradating  the  performance  of  the  equipment. 
To  solve  this  problem,  the  medical  staff  must  keep  the 
ECG  electrodes  as  far  as  it  is  possible  from  the  ESU 
active  electrode.  This  same  procedure  can  be  adopted  in 
relation  to  the  position  of  the  ESU,  wich  must  be  placed 
far  away  from  the  most  susceptible  devices. 

The  AC  network  provides  another  conduction 
way  for  the  propagation  of  electrosurgical  emissions. 
These  emissions  can  reach  the  ECG  monitor  through  its 
AC  cable  and  interfere  with  its  performance.  Because  of 
this,  it  is  recomended  to  design  filters  within  the  cables 
and  to  design  independent  circuits  (AC  network)  to 
provide  the  energy  for  the  most  harmful  sources  of 
electromagnetic  interference. 


The  cutting  and  coagulating  of  human  tissues 
performed  with  electrosurgical  units  can  be  provided  by 
selecting  one  of  its  modes  of  operation.  These  modes 
are:  CUT,  COAG  and  BLEND  (a  combination  of  cutting 
and  coagulating). 

When  used  in  the  CUT  mode,  the  ESU  wich  was 
evaluated  produces  a  waveform  that  is  almost  a  pure 
sinusoid,  with  a  fundamental  frequency  around  500  kHz. 
When  used  in  the  COAG  mode,  the  ESU  produces  a 
waveform  that  consists  of  short  bursts  of  radio 
frequency  energy.  When  used  in  the  BLEND  mode,  the 
ESU  produces  a  waveform  that  can  be  modeled  as  a  500 
kHz  sinusoid.  Fig.  2  shows  these  waveforms. 
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Fig.  2.  Electrosurgical  Emissions  Waves  [3] 


Antennas 


Fig.  3.  Propagation  of  the  electromagnetic  emissions  of 
an  ESU. 


4.  ELECTROMAGNETIC  COMPATIBILITY 


3.  ELECTROSURGICAL  EMISSIONS 

The  Fig.  3  shows  an  electrosurgical  unit  during  a 
surgery  procedure  and  the  ways  its  electromagnetic 
emissions  can  propagate  and  interfere  with  an 
electrocardiograph  -ECG-  monitoring  equipment  (a 
patient-connected  device). 

The  ECG  monitoring  devices  are  used  to  monitor 
biopotencial  signals  with  small  amplitudes  (between 
lmV  and  lOmV).  These  signals  are  captured  by 
electrodes  wich  are  connected  to  the  patient  through 
cables  attached  to  the  monitor  (see  Fig.  3).  The  cables 
can  act  just  like  antennas',  wich  means  that  they  can 
capture  the  electromagnetic  emissions  radiated  in  the 
environment  (like  the  one  generated  by  the  ESU). 

Besides,  the  electrodes  connected  to  the  patient 
can  capture,  with  the  biopotencial  signals,  the 


1  Any  conductor  can  act  like  an  antenna  if  it  is  longer 
than  1/20  of  the  wave-length  of  the  radiated  signal  [4], 


“Electromagnetic  compatibility”  is  used  to 
describe  a  condition  wherein  electrical  and  electronic 
equipments  operate  successfully  togheter  or  in  close 
proximity  [3],  The  best  way  of  assuring  the 
electromagnetic  compatibility  of  medical  devices  is  to 
guarantee  that  these  devices  comply  with  the  EMC 
standards  for  medical  devices,  wich  determine 
thresholds  for  electromagnetic  emissions  and  for  the 
immunity  of  the  equipments. 

At  the  present  time  the  IEC  601-1-22  is  the  most 
accepted  standard  for  medical  devices.  Besides 
imposing  thresholds  for  electromagnetic  emissions  and 
immunity,  this  standard  proposes  tests  methods  to  verify 
the  compatibility  of  the  equipments  and  specifies  the 


1  Recognized  as  “Medical  Electrical  Equipment  -  Part  1: 
General  requirements  for  safety  -  2.  Collateral  Standard: 
Electromagnetic  compatibility  -  Requirements  and  tests” 
[5], 
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devices  that  must  be  used  to  make  the  measurements  of 
the  electromagnetic  emissions  and  immunity  of 
equipments  under  tests. 

When  compliance  tests  are  performed,  there  is  an 
assumption  that  all  laboratory  accoutrements  exist:  a 
radio  frequency  -RF-  isolated  environment  such  as  a 
screened  room  or  an  anechoic  chamber,  discrete 
frequency  and  amplitude-controlled  RF  sources  and  tests 
equipments  [6]. 

5.  SCOPE  OF  STUDY 

The  methodology  employed  in  the  following 
measurements  of  the  electromagnetic  emissions  of  an 
electrosurgical  unit  is  quite  different  from  those 
proposed  for  IEC  601-1-2,  because  the  tests  were  not 
performed  with  all  laboratory  accoutrements.  In  spite  of 
this,  the  measurements  can  be  accepted  as  pre¬ 
compliance  tests,  whose  results  can  qualify  the 
electrosurgical  unit  as  one  of  the  most  harmful  source  of 
electromagnetic  interference. 

Measurements  are  reported  of  the  electric  field 
strengths  emanating  by  radiation  and  by  conduction 
from  an  electrosurgical  unit  used  in  the  Hospital  of  the 
Federal  University  of  Santa  Catarina  in  Brazil.  The  ESU 
considered  in  this  study  was  the  Model  B-3600  A  made 
by  Dcltronix,  wich  is  a  brazilian  manufacturer.  This 
device  includes  an  electrosurgical  generator  unit  and  an 
electrode  (electrosurgical  knife).  To  simulate  the  tissue 
being  operated  on  was  used  a  bar  of  soap  and  the 
measurement  antenna  was  placed  about  1  m  from  both 
the  active  electrode  of  the  ESU  and  the  soap. 

6.  MEASUREMENT  EQUIPMENTS 
6.1.  Radiated  Emissions 

Measurements  of  electromagnetic  emissions 
radiated  by  the  electrosurgical  unit  were  performed  with 
a  broadband  bi conical  antenna  (EMCO  Model  n°  931 10 
B),  wich  is  calibrated  for  use  over  the  frequency  range 
of  30  MHz  to  300  MHz.  The  antenna  was  placed  1 
meter  from  both  the  active  electrode  of  the 
electrosurgical  unit  and  the  specimen  being  operated  on 
and  1  meter  high. 

To  evaluate  the  largest  field  strengths  emanated, 
measurements  were  made  with  the  antenna  in  vertical 
polarization  and  in  horizontal  polarization  (see  Fig.  4). 


(a)  (b) 

Fig.  4.(a)  horizontal  and  (b)  vertical  polarizations. 


The  broadband  biconical  antenna  (EMCO  Model 
n°  93110  B)  was  used  in  conjunction  with  a  Spectrum 
Analyser  (Model  HP  8591  EM)  and  a  Pre- Amplifier 
(Model  8447  F  POT  H  64)  to  amplify  the  antenna 
signal.  To  evaluate  the  emissions  radiated  from  the 
electrosurgical  unit,  measurements  were  made  from  30 
MHz  to  300  MHz,  wich  is  the  frequency  range  of 
operation  of  the  antenna.  This  range  was  chosen  because 
of  the  EMC  standards  for  medical  devices,  wich 
determine  radiated  emissions  thresholds  for  this  range  of 
frequencies. 

6.2.  Conducted  Emissions 

The  conducted  emissions  of  the  electrosurgical 
unit  (ESU)  were  measured  with  a  Line  Impedance 
Stabilization  Network  -LISN-  (Model  3810/2)  in 
conjunction  with  a  Spectrum  Analyser  (Model  HP  8591 
EM)  and  a  Transient  Limiter  (Model  HP  1 1947  A).  The 
conducted  emissions  measurements  procedure  is  shown 
in  Fig.  5  and  the  frequency  range  of  the  measurements 
was  from  150  kHz  to  30  MHz. 


Spectrum 

Analyser 


Fig.  5.  Conducted  emissions  measurements  procedure. 

7.  TEST  ENVIRONMENT 

The  pre-compliance  measurements  were  not 
performed  in  a  surgery  room  since  the  intention  of  this 
work  was  to  quantify  only  the  ESU  emissions,  instead  of 
measuring  the  electromagnetic  emissions  generated  by 
other  medical  devices  installed  in  the  same  ESU's 
environment.  The  measurements  were  made  in  the 
Electromagnetic  Compatibility  Laboratory,  wich  is  a 
15  m2  room,  at  the  Electric  Engineering  Department  of 
the  Federal  University  of  Santa  Catarina,  in  Brazil.  Fig. 
6  shows  the  measurement  environment,  the  test 


Fig.  6.  (a)  ESU;  (b)  specimen  operated;  (c)  antenna;  (d) 
spectrum  analyser;  (e)  pre-amplifier;  (f)  LISN. 
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8.  MEASUREMENT  RESULTS 

The  ESU's  emissions  must  comply  with  the 
emissions  limits  imposed  by  the  EMC  standard  for 
medical  device  “IEC  601-1-2”,  wich  references  CISPR 
1 1  for  emissions  requirements,  only  when  the  equipment 
(ESU)  is  in  the  STAND-BY  mode  (energized  but  not 
cutting  or  coagulating  tissues).  Although,  the 
electromagnetic  emissions  measurements  were  made  for 
the  STAND-BY  (with  cables  attached),  CUT,  COAG 
and  BLEND  modes  of  the  ESU. 

Each  of  the  three  ESU  operation  modes  can  be 
used  with  diferent  output  power  levels.  Measurements 
were  made  for  the  CUT,  COAG  and  BLEND  modes  of 
the  ESU  with  two  power  settings3  used  for  each  mode. 
The  maximum  power  level  is  used  for  delicate  surgery 
procedures  (like  during  transurethral  resection,  an 
urological  surgery),  while  the  minimum  power  level  is 
recommended  for  general  surgeries. 

8.1 .  Radiated  Emissions 

As  mentioned  above,  the  electromagnetic 
emissions  radiated  from  the  ESU  (in  STAND-BY,  CUT, 
COAG  and  BLEND  modes)  were  measured  with  an 
antenna  placed  1  meter  away  from  the  specimen  being 
operated.  Measurements  were  performed  with  the 
antenna  in  vertical  and  horizontal  polarization  and  the 
results  were  compared  with  the  thresholds  imposed  by 
the  EMC  standard  for  medical  devices  (IEC  601-1-2). 

The  measurement  results  show  that  energy  of  the 
electromagnetic  emissions  radiated  from  the  ESU  are 
higher  when  the  antenna  is  in  the  horizontal  polarization. 
Besides,  the  highest  levels  of  energy  are  observed  when 
the  ESU  is  operating  in  the  CUT  mode  with  the  highest 
output  power  level  (200  watts).  Fig.  7  shows  the  spectral 
analysis  of  the  test  environment  when  the  ESU  was  used 
in  STAND-BY  mode  and  Fig.  8  shows  the  analysis 
when  the  ESU  was  used  in  the  CUT  mode  with  the 
highest  power  level  (200  watts).  The  flat  lines  in  these 
Figures  are  the  electromagnetic  emissions  thresholds 
imposed  by  IEC  601-1-2  standard. 


Fig.  8.  Spectral  analysis  of  the  ESU's  emissions  in  CUT 
mode  with  maximum  power  level  (200  watts). 

The  circles  in  Fig.  7  and  8  show  that  spectrum 
changes  are  greater  at  lower  frequencies  wich  were 
captured  by  the  antenna  (around  30  MHz).  Besides,  the 
energy  level  of  the  electromagnetic  emissions  were 
greater  when  the  ESU  was  used  in  the  CUT  mode. 

8.2.  Conducted  Emissions 


The  electromagnetic  emissions  conducted  from 
the  ESU  through  the  AC  network  were  measured  with  a 
LISN  device  in  conjunction  with  the  Spectrum  Analyser 
and  the  results  were  compared  with  the  thresholds 
imposed  by  IEC  601-1-2,  wich  references  CISPR  11. 
Fig.  9  shows  the  CISPR  1 1  conducted  thresholds  and  the 
spectral  analysis  of  the  conducted  emissions  of  the  ESU 
in  STAND-BY  mode,  while  Fig.  10  shows  the  same 
analysis  with  the  ESU  operating  in  the  CUT  mode  with 
the  highest  power  level  (200  watts). 
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Fig.  9.  Spectral  analysis  of  the  ESU's  conducted 
emissions  in  STAND-BY  mode. 


Fig.7.  Spectral  analysis  of  the  ESU's  emissions  in 
STAND-BY  mode. 


For  the  CUT  and  BLEND  modes  were  used  power 
settings  of  200  watts  (the  maximum  power  chosen)  and 
30  watts  (the  minimum  power  chosen).  For  the  COAG 
mode  were  used  power  settings  of  70  and  50  watts. 
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Fig.  10.  Spectral  analysis  of  the  ESU's  conducted 
emissions  in  CUT  mode  (200  watts). 

According  to  Fig.  9,  the  evaluated  ESU4  operates 
with  a  fundamental  frequency  of  almost  520  kHz  (see 
MKR  in  Fig.  9  and  10)  and  its  emissions  comply  with 

4  Model  B-3600  A  manufactured  by  Deltronix. 
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the  conducted  emissions  thresholds  in  the  STAND-BY 
mode.  In  spite  of  this,  this  device  does  not  comply  with 
these  thresholds  when  it  is  operating  in  the  CUT  mode 
(see  Fig.  10).  When  operating  in  the  CUT  mode,  the 
highest  energy  level  is  observed  at  the  fundamental 
frequency  of  operation  of  the  ESU  (about  520  kHz). 

The  higher  energy  levels  observed  after  the  ESU 
activation  (in  CUT  mode)  suggest  that  the  most  harmful 
sources  of  electromagnetic  interference  (like  the  ESU) 
in  hospitals  must  be  energized  by  independent  circuits 
(AC  networks),  instead  of  being  energized  by  the  same 
circuits  of  the  most  susceptible  devices  (like  monitoring 
devices). 

9.  REDUCING  EMI  PROBLEMS 

When  dealing  with  any  EMI  problem,  it  is 
important  to  evaluate  sources  of  electromagnetic 
emissions,  receptors  of  these  emissions  and  paths 
coupling  these  sources  to  the  receptors.  All  three  must 
exist  for  there  to  be  a  problem  and,  therefore, 
eliminating  any  one  of  these  will  eliminate  the  problem. 
But  in  any  specific  case,  some  solutions  are  more 
practical  and  less  expensive  than  others  [4], 

To  reduce  the  undesired  effects  of  the 
electromagnetic  interference  among  equipments  both  the 
source  and  the  receptor  of  the  emissions  can  be  shielded. 
Although,  this  solution  can  be  very  expensive  and, 
because  of  this,  not  practical. 

Other  solution  can  be  provided  by  assuring  an 
ineffective  path  between  the  source  and  the  receptor  of 
the  electromagnetic  emissions.  This  can  be  done  by 
installing  sources  (like  ESU)  as  far  as  it  is  possible  from 
receptors  (like  monitoring  devices)  of  electromagnetic 
emissions.  The  installation  of  filters  within  the  AC 
cables  of  the  equipments  is  another  way  of  mitigating 
EMI  problems,  since  they  suppress  emissions  from  the 
equipments  and  external  interference  [4], 

The  manufacturers  of  electrosurgical  units 
suggest  to  use  the  lowest  power  indicated  for  each 
surgery  procedure.  This  measure  guarantees  that  the 
receptor  will  receive  ESU's  emissions  with  low  energy, 
what  will  reduce  the  probability  of  occuring 
electromagnetic  interference  problems.  Finaly,  the  ESU 
must  be  energized  by  different  circuits  from  those  that 
energize  the  most  susceptible  equipments  (like 
monitoring  devices). 

10.  CONCLUSIONS 

Measurements  of  electric  field  strengths  of  the 
electromagnetic  emissions  of  an  electrosurgical  unit 
were  made  in  the  Electromagnetic  Compatibility 
Laboratory  of  UFSC,  in  Santa  Catarina,  a  brazilian  state. 

The  results  of  the  measurements  (see  Fig.  7,  8,  9 
and  10)  of  the  electromagnetic  emissions  (radiated  and 
conducted)  of  an  electrosurgical  unit,  when  compared 
with  the  thresholds  imposed  by  the  EMC  standard  for 
medical  devices  “IEC  601-1-2”,  prove  that 
electrosurgical  units  are  harmful  sources  of 
electromagnetic  interference.  These  devices  are  usually 


installed  in  surgery  rooms,  wich  are  places  where  the 
malfunction  of  an  equipment  due  to  the  interference 
generated  by  the  ESU's  emissions  can  imply  serious 
risks  to  the  patients  and  medical  staff  safety.  These 
results  represent  the  first  step  to  reduce  EMI  problems 
due  to  the  operation  of  ESU,  since  after  the  evaluation 
of  them  the  designers  of  these  devices  can  propose  a  set 
of  alternatives  to  reduce  their  emissions. 

Due  to  the  great  number  of  equipments  installed 
in  this  hospitalar  environment,  it  is  very  hard  to 
eliminate  the  problems  of  electromagnetic  interference 
just  by  assuring  the  compliance  of  the  electrosurgical 
units  with  the  thresholds  mentioned.  It  must  be  clear  that 
the  emissions  thresholds  imposed  by  IEC  601-1-2  do  not 
guarantee  the  electromagnetic  compatibility  of  harmful 
sources  of  EMI  and  that  they  must  be  used  just  like  a 
basis  for  the  elaboration  of  more  demanding  thresholds 
for  these  devices. 
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Abstract  —  Very  fast  voltage  rise  curve  due  to  gap 
dscharge  was  considered  in  time  domain.  The 
measurement  system  consists  of  a  dstributed  constant 
line  system  and  a  coaxial  electrode,  becaise  the  voltage 
transients  are  very  npid  and  fluctuations  are  complicated. 
The  coaxial  cables  were  used  as  distributed  constant  lines. 
The  coaxial  electrode  has  matched  impedance  for  a 
characteristic  impedance  of  the  coaxial  cables.  The 
atmosphere  around  the  coaxial  electrode  is  normal  dr. 
This  distributed  constant  line  experimentd  system 
enables  to  measure  the  high  speed  and  high  voltage 
transients  of  about  100  ps.  As  a  consequence  of  the 
experiment  using  this  measurement  system,  the  voltage 
rise  time  was  slown  down  from  about  100  ps  to  about 
400  ps  due  to  increasing  of  source  voltage  from  510  V  to 
1450  V. 

1.  INTRODUCTION 

It  is  well  known  that  very  fast  voltage  transients  are 
generated  at  the  make  and  break  of  switch  gears.  The 
voltage  transients  generate  electromagnetic  noise  and 
surrounding  electrical  devices  are  affected  [1],  Gap 
discharge  at  the  contacts  should  be  considered  as  a  main 
factor  of  the  electromagnetic  noise  source  [2,3],  The 
switching  phenomena  have  been  studied  extensively,  but 
in  almost  all  reports,  phenomena  at  the  electric  contacts 
have  been  investigated  from  the  viewpoint  of  the  contact 
reliability  and  the  contact  materials.  So,  a  great  deal  of 
effort  has  been  made  on  the  electromagnetic  noise  due  to 
gap  discharge.  What  seems  to  be  lacking,  however,  is 
ex  pen  mental  results  of  the  transients  in  order  of 
picosecond  time  domain  [4-9]. 


The  voltage  transient  due  to  gap  discharge  was 
examined  from  viewpoint  of  EMI  source  as  the  making 
of  electrical  contacts.  However,  it  was  dflicult  to 
examine  the  voltage  transients  due  to  gap  discharge  in 
lumped  constant  system  because  the  transients  were  very 
rapid  and  fluctuations  were  complicated.  In  the  first  place, 
we  set  up  a  measurement  system  using  the  distributed 
constant  line  system  to  observe  the  high  speed  transient 
Ate  to  gap  discharge.  Furthermore,  the  coupled 
transmission  lines  were  used  to  detect  the  rising  part  and 
high  frequency  phenomena  of  voltage  transients  in  more 
detail.  Because  the  macroscopic  voltage  fluctuation  was 
high  voltage  and  the  voltage  variation  superimposed  on 
the  macroscopic  fluctuation  were  very  fast,  it  was 
difficultto  observe  them  using  voltage  probes  [10-13], 

The  measurement  system  consists  of  a  power  supply, 
a  coaxial  electrode,  a  directional  coupler  as  coupled 
transmission  lines,  coaxial  cables  as  distributed  constant 
lines,  and  voltage  probes.  A  characteristic  of  the  coaxial 
electrode,  which  has  a  matched  impedance  for  the 
dstributed  constant  line  system,  was  investigated  in  the 
frequency  range  below  5  GHz.  The  voltage  of  power 
source  in  experiment  was  from  800  V  to  1450  V. 

In  this  paper,  the  characteristics  of  the  voltage  rise 
curves  in  precise  observation  of  the  voltage  rising  part 
are  presented. 

2.  DISTRIBUTED  CONSTANT  EXPERIMENTAL 

SYSTEM 

The  experimental  system  using  the  dstributed 
constant  line  system  shown  in  Fig.  1  was  set  up.  The 
system  consists  erf  a  power  supply,  a  coaxial  electrode,  a 
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directional  coupler  (HP778D,  100MHz  -  2GHz,  20dB)  as 
coupled  transmission  lines,  coaxial  cables  (50  Q  )  as 
typical  distributed  constant  lines,  and  voltage  probes 
(TEKTRONIX  P6009,  DC-120MHZ,  100:1).  The 
directional  coupler  was  used  to  observe  the  rise  curve  and 
the  voltage  variation  in  more  detail.  The  coaxial  electrode 
was  connected  to  the  coaxial  cable  and  the  drectional 
coupler  with  the  Type-N  (50  Q  ,11GHz)  coaxial 
connectors.  A  voltage  probe  was  connected  between  the 
contact  of  source  side  (©)  and  the  ground,  and  another 
probe  was  connected  between  the  contact  of  load  side  ((D) 
and  the  ground  A  BNC  (bayonet  coupling  oonnector,50 
Q  ,4GHz)  to  probe  adapter  (TEKTRONIX  013-0054-00) 
was  used  for  the  voltage  probe  connection  so  that  the 
effect  of  the  stray  capacitance  at  the  probe  tip  is  reduced 
as  much  as  possible.  When  the  directional  coupler  was 
driven  by  34ps  rise  time  pulse,  it  had  39ps  rise  time 
(HP54121T,  18GHz). 

Fig.  2  shows  an  axial  sectional  view  of  the  coaxial 
electrode.  The  electrode  consists  of  inner  conductors, 
outer  conductor,  and  the  Type-N  receptacle  connectors. 
Each  conductor  was  made  of  copper.  The  characteristic 
impedance  Zc  is  50 Q  .  So,  impedance  matching  between 
the  cable  and  the  coaxial  electrode  was  accomplished  The 
two  neede  electrodes  have  radius  of  curvature  of  0.1mm 
(type  I),  and  0.9mm  (type  II),  respectively.  The  plane 
electrode  has  a  diameter  of  20mm. 

Fig.3  shows  the  insertion  loss  of  the  electrode 
measured  by  a  network  analyzer  (HP8510),  where  the 
neede  and  plane  electrodes  are  connected  mechanically. 
The  combination  of  electrode  of  source  side  and  load  side 
is  neede  -  plane,  and  the  radius  of  curvature  of  neede 
electrode  is  0.9  mm  (type  II).  The  insertion  loss  is 
within  -3dBin  the  frequency  range  below  5GHz. 

Voltage  rise  curves  and  times  (10%-90%)  at  the 
instance  of  discharge  were  observed  with  a  transient 
digitizer  (TEKTRONIX  SCD5000,  200GS/s,  4.5GHz). 
The  voltage  rise  curves  were  observed  at  the  output  of 
directional  coupler  ((3))  through  the  coaxial  attenuator  of 
-20dB  and  -30dB  (DC-12. 4GHz),  where  the  combination 
of  electrode  and  the  radus  of  curvature  of  neede  electrode 
are  changed.  Furthermore,  the  voltage  of  power  source 
was  increased  from  800V  to  1450V  to  consider  the 
relation  between  source  voltage  and  voltage  rise  times. 

3.  EXPERIMENTAL  RESULTS 

Fig.4  shows  the  voltage  rise  curves  at  the  instance  of 
dscharge,  where  the  voltage  of  power  supply  is  800V.  In 


Power  supply 
, - -  Coaxial  cable 

ft 


Coaxial  electrode  transmission  lines 


Source  side 
L1»100m,Wr50Q  r 


///>:  l2-200m,W2-60Q 


Fig.  1  Experimental  system  using  distributed  constant 
line  system. 


(a)  outer  conductor 

(b)  Inner  conductor  [plane  electrode] 

(c)  Inner  conductor  [needle  electrode] 

(d)  N-type  receptacle  connector 

Fig.  2  Construction  of  the  coaxial  electrode. 


Fig.  3  Insertion  loss  of  the  coaxial  electrode. 

(Type  II,  0.9mm  needleto  the  plane  electrode.) 

this  figure,  the  combination  of  electrode  of  source  side 
and  load  side  and  the  radus  of  curvature  of  neede 
electrode  areas  follows;  (a-I)at  needle  of  0.1mm  -  plane, 
(a-II)  at  neede  of  0.9mm  -  plane,  (b-I)  at  plane  -  neede 
of  0. 1mm,  and  (b-II)  at  plane  -  neede  of  0.9mm.  The 
voltage  rise  time  (a-I),  (b-I),  (a-II),  and  (b-II)  is  about 
0.17ns,  0.26ns,  0.16ns,  and  0.17ns  respectively.  In 
figure  (a-II),  a  small  voltage  fluctuation  was  observed 
prior  to  reaching  a  breakdown  process.  It  may  be  that 
phenomenon  of  the  small  voltage  fluctuation  is  corona 
dscharge.  Fig.5  shows  a  voltage  waveform  of  rising  part 
with  the  corona  dscharge  in  more  detail.  The 
combination  of  electrode  is  as  follows;  (a)  neede  of 
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(a-II)  Rise  curve  at  needleof  0.9mm  -  plane.  (b-II)  Rise  curve  at  plane  -  needle  of  0.9mm. 

Fig.  4  Waveform  of  voltage  rise  curve  at  800V. 


0.9mm  -  plane  (type  a-II),  and  (b)  plane  -  needle  of 
0.9mm  (type  b-II).  When  an  electrode  combination  was 
type  (a),  a  voltage  fluctuation  due  to  the  corona  discharge 
was  observed  with  comparatively  high  probability.  It  is 
considered  as  this  cause  with  the  benefit  that  streamer 
shaped  corona  becomes  easy  to  occur  because  a  positive 
leader  grows  easily  when  a  neede  electrode  is  a  positive 
pole.  However,  as  for  this  experiment,  the  sufficient 
consideration  to  prove  these  causes  is  not  present 
The  voltage  rise  times  due  to  increasing  of  source 
voltage  from  800  V  to  1450  V  were  considered  in  more 
precise  observation.  The  relation  between  source  voltage 
and  voltage  rise  times  are  shown  in  Fig.6.  The 
combinations  of  electrode  of  source  side  and  load  side  and 
the  radius  of  curvature  of  neede  electrode  are  same  as 
Fig.4.  In  these  figures,  a  plot  is  shown  by  the 
minimum,  maximum  and  average  values  of  rise  times 
obtained  in  thirty  measurements.  The  relation  between 
source  voltage  and  voltage  rise  times  (a-I),  (b-1),  (a-II), 
and  (b-II)  is  from  250ps  to  370ps,  from  245ps  to  440ps, 
from  270ps  to  400ps,  and  from  290ps  to  395ps 
respectively.  The  voltage  rise  times  wereslown  down  due 

to  increasing  of  source  voltage.  These  results  are 
different.  However,  a  general  trend  of  the  relations 
between  source  voltage  and  voltage  rise  times  is  about 


Fig.  5  Waveform  of  rising  part  with  the  corona  discharge. 

(a)  Combination  of  electrode  is  needleof  0.9mm  -  plane 

(b)  Combination  of  electrode  is  plane  -  needleof  0.9mm 

the  same.  Mutual  relationship  between  source  voltage 
and  voltage  rise  times  was  sufficiently  confirmed  from 
the  result  of  measurements.  The  cause  of  the  mutual 
relationship  is  a  relation  between  a  gap  dstance  of 
electrode  and  a  forward  speed  of  dscharge.  It  is  clear  that 
the  forward  speed  of  the  dscharge  is  almost  constant 
about  this  electrode  of  short  distance.  Voltage  rise  time  is 
slown  down  in  proportion  to  gap  dstance.  These 
experimental  results  agree  qualitatively  with  the  theory  of 
the  forward  speed  in  the  nonuniform  spark  gap  discharge. 
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600  800  1000  1200  1400  1600 

Source  Voltage  [V] 

(a-I)  Rise  time  at  needle  of  0.1mm-  plane 


600  800  1000  1200  1400  1600 


Source  Voltage  [V] 

(b-I)  Rise  time  at  plane  -  needle  of  0.1mm 


Source  Voltage  [V] 


600  800  1000  1200  1400  1600 

Source  Voltage  [V] 


(a-II)  Rise  time  at  needle  of  0.9mm  -  plane  (b-II)  Rise  time  at  plane  -  needle  of  0.9mm 
Fig.  6  The  relation  between  source  voltage  and  voltage  rise  times. 

(average  value  of  the  rise  times  obtained  in  thirty  measurements) 


4.  CONCLUSIONS 

The  very  fast  voltage  rise  curve  due  to  gap  discharge 
was  considered  in  time  domain  using  the  coupled 
transmission  lines  in  distributed  constant  line  system. 

As  a  consequence  of  the  experiment  using  this 
measurement  system,  the  voltage  rise  time  was  slown 
down  from  about  250  ps  to  about  400  ps  due  to 
increasing  of  source  voltage  from  800  V  to  1450  V. 

Mutual  relationship  between  source  voltage  and  voltage 
rise  time  was  sufficiently  confirmed  from  the  result  of 
measurements.  The  cause  of  the  mutual  relationship  is  a 
relation  between  a  gap  distance  of  electrode  and  a  forward 
speed  of  discharge.  It  is  dear  that  the  forward  speed  of  the 
discharge  is  almost  constant  about  this  electrode  of  short 
distance.  Voltage  rise  time  is  slown  down  in  proportion 
to  gap  distance.  These  experimental  results  agreed 


qualitatively  with  the  theory  of  the  forward  speed  in  the 
nonuniform  spark  gap  discharge. 
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The  authors  describe  that  the  malfunction  conditions 
(due  to  the  showering  noise  which  generates  when  relay  con¬ 
tact  is  turned  off)  of  digital  IC  change  with  the  number  of 
contact  operations,  and  what  parameters  featuring  the  show¬ 
ering  noise  waveforms  influence  the  digital  IC’s  malfunc¬ 
tion,  and  propose  the  evaluation  index  of  showering  noise 
and  proves  the  proposed  index  is  effective. 

1.  INTRODUCTION 

Many  research  results  have  been  reported  about  show¬ 
ering  noise  generated  when  relay  contact  is  turned  off.  Most 
of  the  researches  have  described  the  relationship  between 
the  contact  material  and  the  showering  noise[  1]  [2],  the  mea¬ 
surement  results  of  frequency  spectrum  of  showering  noise[3] 
and  the  noise  induced  in  circuits  due  to  showering 
noise.  [4]  [5]  [6] 

However,  the  above  researches  have  neglected  the  in¬ 
fluence  of  the  number  of  contact  operations  on  the  shower¬ 
ing  noise’s  characteristics  such  as  waveforms.  While,  the 
authors  clarified  that  the  surface  conditions  of  concact  and 
the  showering  waveforms  change  with  the  number  of  con¬ 
tact  operations[7][8],  but  didn’t  clarify  the  influence  of  the 
number  of  contact  operations  on  the  noise  induced  in  cir¬ 
cuit  by  showering  noise  and  die  method  to  evaluate  the  show¬ 
ering  noise  from  the  viewpoint  of  the  circuit  malfunction 
due  to  the  induced  noise. 

In  this  paper,  the  authors  show  that  the  malfunction 
conditions  (specially,  due  to  the  noise  induced  in  circuit  by 


capacitive  coupling  with  showering  noise)  of  digital  IC 
change  with  the  number  of  contact  operations,  and  what 
parameters  featuring  the  showering  noise  waveforms  influ¬ 
ence  the  digital  IC  s  malfunction,  and  propose  the  evalua¬ 
tion  index  of  showering  noise  and  prove  the  proposed  index 
is  effective  for  evaluating  the  showering  noise. 

2.  THE  INFLUENCE  OF  THE  NUMBER  OF  CON¬ 
TACT  OPERATIONS  ON  THE  DIGITAL  ICS 
MALFUNCTION 

The  experimental  apparatus  shown  in  Fig,  1  is  com¬ 
posed  of  two  loop  antennas  standing  vertically  and  lying 
horizontally  Q  (connected  to  clock  terminal  of  counter)  to 
receive  the  noises  radiated  from  the  relay  contact  which  is 
opening,  the  noise  generator  made  up  of  relay  contact,  in¬ 
ductive  load,  DC  power  supply  and  the  counter  IC  (CMOS 
M4040B)  to  count  the  number  of  malfunctions  due  to  noise 
radiated  from  the  noise  generator  for  one-time  opening  op¬ 
eration  of  relay  contact,  and  has  high  susceptibility  for  noise 
coming  to  clock  terminal  since  the  impedance  of  clock  ter¬ 
minal  is  high  (1  MD)  and  the  loop  area  of  antenna  is  large 
(50mm  x  60mm),  and  the  impedance  of  DC  power  supply 
terminal  is  low  and  the  loop  area  of  power  supply  wiring  is 
small. 

Fig.  2  shows  the  relationship  between  the  number  of 
contact  operations  and  the  number  of  circuits  malfunctions. 
In  Fig.  2,  Cl  and  C2  show  the  number  of  malfunctions  due 
to  the  noise  induced  on  antenna  and  due  to  the  noise 
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induced  on  antenna  o  ,  respectively,  where,  the  number  of 
malfunctions  shows  the  number  stored  in  counter  for  one¬ 
time  showering  noise. 

Fig.3  (a)  and  (b)  show  typical  examples  of  noise  volt¬ 
age  waveform  observed  at  clock  input  terminal  received  by 
antenna  and  Q)  ,  respectively.  Fig.  3  (a)  shows  the 
same  voltage  waveform  as  the  showering  noise  voltage  (refer 
to  Fig.  4)  observed  across  relay  contact  which  is  opening. 
However,  the  waveforms  specified  by  “mark  ©  ”  are  ob¬ 
served  in  Fig.  3  (b).  This  noise  waveform  synchronizes  with 
impulsive  arc  discharge  current  which  flows  across  relay  con¬ 
tacts  synchronously  with  dielectric  breakdown  of  relay  con¬ 
tact  which  is  opening.  It  can  be  understood  from  Fig.  3  and 
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(a)  Top  view 


the  direction  of  electric/magnetic  field  generated  by  show¬ 
ering  noise  that  antenna  ©  receives  the  capacitive  coupling 
noise  with  showering  noise  and  antenna  ©  receives  the 
inductive  coupling  noise  mainly.  The  noise  voltage  in  Fig.  2 
(a)  is  about  1/100  of  showering  noise  voltage  across  contact. 

From  the  above  investigation  of  Fig.  3  and  the  fact 
that  the  number  of  malfunction  of  circuit  connected  to  an¬ 
tenna  ©  is  many  in  comparison  with  the  number  of  mal¬ 
functions  of  circuit  connected  to  antenna  ©  ,  it  is  said  that 
the  capacitive  coupling  noise  to  antenna  ©  dominates  the 
circuit  malfunction. 

3.  THE  RELATIONSHIP  BETWEEN  THE  NUMBER 
OF  CIRCUIT’S  MALFUNCTION  AND  THE  PA¬ 
RAMETERS  FEATURING  THE  SHOWERING 
NOISE 

Fig.  4  shows  the  definition  of  the  parameters  featur¬ 
ing  the  showering  noise  waveforms  which  change  with  the 
number  of  contact  operations. 

Fig.  5,  6,  7  and  8  show  the  relationship  between  the 
parameters  of  continuous  time  Tt  of  showering  noise,  dis¬ 
charge  time  Ta  of  making/breaking,  number  d  of  making/ 


Fig.2  The  relationship  between  the  number  of  contact  opera¬ 
tions  and  the  number  of  circuit  malfunctions 


(a)  Received  waveform  by  antenna 


© 


(b)  Received  waveform  by  antenna 

Fig.3  Noise  voltage  waveforms 
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breaking  and  maximum  discharge  voltage  Vmax  and  the 
number  of  circuit  malfunction,  respectively.  From  Fig.  5,  6, 
7  and  8,  the  number  C2  of  circuit  malfunctions  due  to  in¬ 
duced  noise  on  antenna  (^)  has  no  relation  to  these  param¬ 
eters  representing  the  showering  noise  waveforms.  In  Fig.  5 
and  6,  it  looks  like  that  the  number  Cl  of  circuit  malfunc¬ 
tions  due  to  induced  noise  on  antenna  Q)  increases  with  Tt 
and  la,  but  the  correlation  of  Tt  and  Ta  to  Cl  is  not  clear. 
In  Fig.  7,  Cl  and  d are  mutually  correlated  at  significant 
level  0.01.  In  Fig.  8,  Cl  has  a  tendency  that  Cl  decreases 
with  the  increase  of  Vmax. 

From  the  above,  it  is  concluded  that  Cl  is  related  to 
d,  and  C2  is  not  related  to  showering  noise  waveforms.  In 
Fig.  7,  Cl  is  larger  than  d.  This  phenomenon  is  due  to  the 
cause  that  the  count  of  Cl  was  done  at  different  time  from 
the  measurement  of  showering  noise  waveforms  and  the 
showering  noise  would  be  suppressed  by  connecting  the 
probe  of  oscilloscope  to  relay  contact  at  measurement. 


•The  number  of  tones  of  short  drcuit  being  formed  (the  number  of  condition)  i:  The 
number  of  times  of  generation  of  the  phenomena  that  contact  forms  short  circuit  again 
after  voltage  between  anode  and  cathode  goes  up  during  contacts  being  open.  It  is 
supposed  that  these  phenomena  are  caused  by  the  formation  of  short  circuit  between 
anode  and  cathode  due  to  arc-discharge. 

•  Continuous  time  of  showering  noise:  Tt 

•  Discharge  tone  of  makingAreaking :  T§ 

•  Time  forming  short  circuit  Tu 

•  The  number  of  makkingAreaking  discharge  phenomena:  d 

•First firing  potential:  Vi 


4.  PROPOSAL  OF  EVALUATION  INDEX 

Fig.  9  shows  an  example  of  the  showering  noise  wave¬ 
forms  observed  by  digital  oscilloscope.  Point  •  shows  a 
sampled  voltage  stored  in  memory  of  oscilloscope.  From 
the  above  results  shown  in  chapter  3,  the  authors  propose 
the  following  evaluation  index  L  for  showering  noise,  refer¬ 
ring  to  Fig.  9. 


Fig.6  The  relationship  between  the  discharge  time  of  making/ 
breaking  and  and  the  number  of  circuit  malfunctions 
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Fig.4  The  definition  of  the  parameters  featuring  the  showering 
noise  waveforms 


Fig.7  The  relationship  between  the  number  of  making/breaking 
and  and  the  number  of  circuit  malfunctions 


Fig.5  The  relationship  between  the  continuous  time  of  shower¬ 
ing  noise  and  the  number  of  circuit  malfunctions 


Fig.8  The  relationship  between  the  maximum  discharge  voltage 
and  the  number  of  circuit  malfunctions 
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L  =  ± 

n  -  I 

where,  N  :  The  number  of  sampling  (times) 

V  :  Measurable  voltage  range  of 
oscilloscope  (V) 

T  :  N  x  <dt  (sec.) 

f(t):  Voltage  recorded  in  oscilloscope 
memory  at  time  t{ sec.) 

L  represents  the  distance  from  one  sampled  point  to 
next  sampled  point,  as  shown  in  Fig.  10.  That  is,  as  the 
amplitude  of  noise  is  larger  and  the  frequency  of  noise  is 
higher,  as  L  should  be  bigger.  In  order  to  confirm  the  above 
characteristics  of  L,  the  relationships  between  the  evalua¬ 


te  number  of  sampling:  N 


Fig.9  An  example  of  showering  noise  voltage  waveforms 


Fig.10  The  principle  of  evaluation  index 


tion  index  L,  and  the  amplitude,  the  frequency  and  the  phase 
angle  of  sinusoidal  voltage  are  calculated  and  shown  in  Fig. 
11,12  and  13,  respectively.  From  Fig.  13,  it  is  understood 
that  phase  angle  doesn’t  influence  the  malfunction  of  victim 
circuit  so  much,  although  we  know  this  fact  by  experience. 
From  Fig.  1 1  and  12,  it  is  understood  that  L  represents  the 
degree  of  the  influence  of  showering  noise  on  malfunction 
of  victim  circuit. 


Angular  frequency  <o  [rad/SJ 

Fig.12  The  characteristics  off.  for  angular  frequency 


of  sinusoidal  voltage 


Fig.13  The  characteristics  of  L  for  phase  angle 
of  sinusoidal  voltage 


Flg.11  The  characteristics  of  L  for  amplitude 
of  sinusoidal  voltage 


Fig.14  The  relationship  between  the  number  of  contact 
operations  and  the  evaluation  index  L 
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Fifl.15  The  relationship  between  the  evaluation  index  L  and  the 
number  of  contact  malfunctions 

Fig.  14  and  15  show  the  relationship  between  L,  and 
the  number  of  contact  operations  and  the  number  of  circuit 
malfunctions,  respectively.  In  Fig.  15,  the  number  Cl  of 
circuit  malfunction  is  in  proportion  to  L  and  these  two  fac¬ 
tors  have  correlation  in  significant  level  of  0.001.  And,  L 
shows  better  agreement  with  the  number  Cl  of  circuit  mal¬ 
functions  than  Ta  in  Fig.  6.  However,  the  number  C2  of 
circuit  malfunction  and  L  have  no  correlation.  This  shows 
that  the  circuit  malfunction  C2  can’t  be  evaluated  by  show¬ 
ering  noise  waveforms. 

5.  CONCLUSIONS 

From  the  above  mentioned,  it  is  concluded  that  the 
influence  of  showering  noise  on  circuit’s  malfunction  changes 
with  the  number  of  contact  operations  and  the  our  proposed 
evaluation  index  is  effective  for  evaluating  the  influence  of 
showering  noise  on  circuit’s  malfunction. 

Future  issue  is  to  propose  the  index  of  showering  noise 
to  evaluate  the  influence  of  showering  noise  on  C2  (induc¬ 
tive  coupling  noise). 

References 

[1]  K.  Uchimura,  T.  Aida  and  T.  Takagi,  “Showering  Arcs  in  break¬ 
ing  Au,  Ag,  Pb  and  W  contacts  and  radio  noise  caused  by  these 
arcs,”  Proc.  1984  Int’l  Symp.  on  EMC,  Tokyo,  Japan,  pp.91-96, 
1984 

[2]  H.  Sone  and  T.  Takagi,  “Role  of  the  metallic  phase  arc  dis¬ 
charge  on  arc  corrosion  in  Ag  contacts,”  IEEE  Trans.  Components, 


Hybrids  Be  Manuf. Technol.,  vol.13,  no.l,  pp.13-19,  March  1979 

[3]  S.  Minegishi,  H.  Echigo  and  R.  Sato,  “Frequency  spectra  of  the 
arc  current  due  to  opening  electric  contacts  in  air,  “  IEEE  Trans. 
EMC.,  vol.36,  no.3,  pp.244-247,1994 

[4]  T.  Takagi  and  H.  Inoue,  “Induced  Electromagnetic  noise  from 
contact  discharge  measurement  and  statistical  characteristics,”  Proc. 
IEEE  Symp.  on  EMC,  pp.345-350, 1980 

[5]  K.  Uchimura  and  H.  Fujita,  “Induced  noise  properties  caused 
by  circuit  interruption  with  electric  contacts,”  IEICE  Trans.  Elec¬ 
tron.,  voI.E-74,  no.7,  pp.  1935-1 940, 1991 

[6]  T.  Aida,  K.  Uchimura,  T.  Noguchi  and  S.  Ogata,  “Effect  of 
alloying  elements  on  the  radio  noise  characteristics  of  silver  based 
alloy  contacts,”  Proc.  1984  Int’l  Symp.  on  EMC.,  Tokyo,  Japan, 
pp.79-84,1984 

[7]  S.  Nitta,  A  Mutoh  and  K.  Miyajima,  “Generation  mechanism 
of  showering  noise  waveforms  -  Effect  of  contact  surface  variations 
and  moving  velocity  of  contact  - ,”  Trans.  IEICE,  vol.E-79B,  no.4, 
Apr.  1996,  pp. 468-473 

[8]  K.  Miyajima  S.  Nitta  and  A.  Mutoh,  “A  proposal  on  contact 
surface  model  of  electromagnetic  relays  -  Based  on  change  in  show¬ 
ering  arc  waveforms  with  the  number  of  contact  operations  -,”  Trans. 
IEICE,  voLE81-B,  No.3,  Mar.  1998 

Biography 

Shuichi  Nitta  received  B.S.E.E.  from  Kyoto  University,  Kyoto, 
Japan,  and  Ph.  D.  from  the  University  of  Tokyo,  Tokyo,  Japan,  in 
1 960  and  1978,  respectively.  After  working  for  electrical  industry 
as  system  engineer  and  quality  assurance  manager  in  the  area  of 
process  computer  from  1960,  he  is  currently  a  professor  at  Tokyo 
University  of  Agriculture  and  Technology  since  1985-  His  research 
interests  are  EMC,  System  maintainability  and  safety  Dr.  Nitta  is 
a  member  of  IEEE,  IEEJ,  IEICE,  SICEJ,  REAJ,  JSME,  JSFE  and 
AFSMI. 

Atsno  Mutoh  was  bom  on  April  5,  1966  in  Fukushima,  Japan. 
He  received  B.E.,  M.E.  and  Ph.D.  degrees  from  Tokyo  University 
of  Agriculture  and  Technology,  Tokyo,  Japan  in  1989,  1991  and 
1994,  respectively.  He  is  currently  a  research  associate  at  Tokyo 
University  of  Agriculture  and  Technology  since  1 994.  His  research 
interest  is  EMC.  Dr.  Mutoh  is  a  member  of  IEEE,  IEEJ,  IEICE, 
SICEJ  and  ISOC. 

Kiyotomi  Miyajima  was  bom  on  September  19,  1972  in  Osaka, 
Japan.  He  received  the  B.E.  and  M.E.  degree  from  Tokyo  Univer¬ 
sity  of  Agriculture  and  Technology,  Tokyo,  Japan  in  1995  and  1997, 
respectively.  He  currently  works  for  Central  Research  Institute  of 
Electric  Power  Industry.  Mr.  Miyajima  is  a  member  of  IEICE. 


EMC  98 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


DISTURBANCE  VOLTAGE  ON  MAINS  TERMINALS  OF  THE  EQUIPMENT  USED  IN  CABLED 
DISTRIBUTION  SYSTEMS  FOR  TELEVISION  AND  SOUND  SIGNALS 


Anushka  Stantcheva,  Stanislav  Petrov,  Bisser  Stantchev 
Institute  for  Scientific  Research  in  Telecommunication,  8,  Haidushka  Poliana  Str.,  1612  Sofia,  Bulgaria 


1.  ABSTRACT 

With  regard  to  the  European  Community 
Council  Directive  on  Electromagnetic  Compatibility 
(EMC)  83/336  EEC  all  products,  including  equipment 
of  cabled  distribution  systems  for  television  and  sound 
signals,  have  to  meet  requirements,  such  as  RF 
emission  and  immunity. 

All  companies  will  meet  those  requirements 
when  developing  new  products.  They  would  be  taken 
into  account  during  the  product  design,  also 
preliminary  tests  should  be  performed  during 
development. 

Equipment  of  cabled  distribution  systems  are 
subject  to  the  EN  50083-2.  The  EMC  performances  of 
such  equipment  are  closely  correlated  with  quality  of 
the  distributed  television  signals. 

The  level  of  disturbance  voltage  on  mains 
terminals  of  the  equipment  was  investigated  and 
statistically  estimated. 

As  a  result  appropriate  conclusions  about  the 
compliance  were  made. 

2.  INTRODUCTION 

Distribution  of  signals  in  cabled  distribution 
systems  for  television  and  sound  signals  (CATV)  is 
carried  out  in  frequency  bands,  which  cover  both  the 
frequencies  of  the  television  ranges  and  the 
frequencies  used  from  different  amateurs,  civil  and 
special  radioservises. 

The  problem  of  decreasing  of  disturbances,  die 
to  unwanted  emission  from  CATV,  impose 
introducing  of  norms  and  developing  of  methods  for 


measurement  of  disturbance  voltage,  injected  into  the 
mains  by  the  CATV  equipment. 

In  this  paper  the  investigations  of  the  mains 
terminals  disturbance  voltages  of  CATV  equipment  is 
discussed.  Some  details,  concerning  the  measurement 
conditions  and  frequencies  in  which  the  measurements 
would  be  made  are  stated. 

3.  MEASUREMENT  METHOD 

The  equipment  under  test  (EUT),  artificial 
mains  networks,  signal  generator  and  measuring 
receiver  (quasi-peak)  are  disposed  and  connected  in 
accordance  with  the  set  ups,  shown  in  figures  1  and  2. 

The  measurements  have  been  done  according  to 
the  method,  developed  on  CENELEC  and  CISPR 
recommendation  base  [1],  [2]  and  author’s  personal 
experience. 

The  following  test  conditions  should  be 
fulfilled: 

a)  Equipment  under  test  and  signal  generator 
should  be  placed  on  non-metallic  support  with  height 
of  0.8  m; 

b)  Measuring  receivers  and  all  other  metallic 
objects  should  be  situated  in  a  distance  not  shorter 
than  0.8  m  from  the  EUT; 

c)  The  mains  lead  of  the  EUT  should  be 
arranged  vertically,  following  the  shortest  possible 
path  between  the  EUT  and  the  artificial  mains  network 
placed  on  the  ground 

d)  The  measurements  should  be  carried  out 
twice- with  and  without  an  earth  connection  made  to 
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Fig.  1  -  Test  set-up  for  measurement  of  the  radio-frequency  disturbance  voltage  injected  into  the  mains 


accompanying  data  sheet.  All  adjustable  controls  (if 
any)  of  the  equipment  under  test  shall  be  set  to 
optimum  position  for  its  normal  operation.  All 
radiofrequency  terminals,  which  are  unused  during  the 
test,  shall  be  terminated  with  their  nominal  impedance 
by  means  of  non-radiating  loads  directly  connected 
without  any  cabling.  The  supply  voltage  shall  be  set  to 
a  value  within  the  specified  by  the  manufacturer  rating 
for  tested  object. 


1  -  Signal  generator;  2  and  7  -  Matching  network;  3  - 
EUT;  4  -  Screened  load  resistor;  5,  6,  9  and  II- 
Artificial  mains  network;  8  and  10  -  Measuring 
receiver 

Fig.  2  -  Bloc-diagram  of  measuring  set-up 


the  outer  conductor  screen  of  the  coaxial 
radiofrequency  input  connector  of  the  EUT; 

e)  The  signal  generator  and  the  measuring  receivers 
should  be  powered  trough  the  artificial  mains  networks, 
placed  on  the  ground. 

4.  OPERATING  CONDITIONS 

The  equipment  under  test  shall  be  operated  in 
accordance  with  the  manufacturer’s  recommendations 
and  tested  under  conditions  which  maximise  the 
disturbance  voltage.  During  the  test  the  maximum  rated 
input  level  shall  be  used.  That  is  the  level  which  is 
declare  by  the  manufacturer,  stated  on  the  equipment  or 


5.  MEASUREMENT  PROCEDURE 

During  the  measurement  the  peculiarity  and 
differences  of  the  individual  CATV  equipment  are 
taken  into  account.  For  example,  in  the  case  of  the 
single  channel  equipment  and  frequency  converters  the 
test  signal  generator  shall  be  set  to  the  vision  carrier 
frequency  of  the  TV  channel,  for  which  the  equipment 
is  designed  (input  vision  carrier  frequency  of  the 
frequency  converter).  The  measuring  receiver  at  the 
output  of  the  EUT  shall  be  adjusted  to: 

-  the  input  signal  frequency  in  the  case  of  single 
channel  equipment 

-the  relevant  output  frequency  in  the  case  of 
frequency  converters 

The  signal  level  at  the  signal  generator  output 
shall  be  such,  that  the  output  level  measured  by 
measuring  receiver  correspond  to  the  maximum  rated 
value  for  the  equipment  operating  range  The 
measuring  receiver  is  disconnected  and  the  output  of 
the  equipment  is  terminated  by  a  screened  load  resistor. 
Than  the  measuring  test  set-up  shown  in  fig.  2  is 
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realised;  the  measuring  receiver  is  connected  to  the  RF 
output  of  the  artificial  mains  network.  The  frequency  of 
measuring  receiver  is  varied  smoothly  from  0. 15  to  30 
MHz.  The  frequency  and  the  level  of  the  observed 
disturbance  voltages  are  noted.  This  procedure  shall  be 
repeated  for  position  1  and  2  (“phase”  and  “0”)  of  the 
artificial  mains  network  switch. 

The  highest  of  all  registered  values  for  mains 
disturbance  voltage  at  each  frequency  is  accepted  as  a 
measurement  result. 

The  measurement  procedure  for  the  wideband 
equipment  is  analogical  to  the  above  describe  one,  but 
in  this  case  measurements  of  the  disturbance  voltages 
are  carried  out  for  the  input  signals  with  frequencies 
equal  to  the  lowest,  medium  and  the  highest  frequency 
of  the  vision  carrier  signal  at  the  rated  frequenciy  range 
of  the  equipment. 

After  fulfilling  the  whole  test  conclusions  about 
the  EMC  performance  of  the  equipment  can  be  made. 

6.  EXPERIMENTAL  RESULTS 

There  have  been  examined  the  disturbance 
voltage,  injected  into  the  mains  by  the  following  CATV 
equipment: 

-  cable  amplifier  1CAS  25  M; 

-  cable  amplifier  SC  A  94  F; 

-  frequency  converter  TM  200. 

The  most  important  experimental  results, 
statistically  evaluated  in  accordance  with  CISPR 
recommendation,  are  summarised  in  Tables  1  to  3. 


Table  1 


EUT 

Cable  amplifier  N  1 

Type 

SCA  94F 

Manufacturer 

"Mikroelektronika" 

Parameters 

Frequency  range 

Max.  amplification 

Max.  output  level 

Input/output  impedance 

40  to  800  MHz 

20  dB 

115  dB/'pV 

75  0 

Test  condition: 

Input  signal 

Output  signal 

Frequency' 

106  dB/pV 

115  dB/pV 

780  MHz 

continue  table  1 


Results 

Frequency 

[MHz] 

Disturbance  voltage  U  [dB/pV] 

with  an  earth 
connection  to  the 
artificial  mains 
network 

without  an  earth 
connection  to  the 
artificial  mains 
network 

0,220 

66,5 

67,5 

0,490 

57,5 

57,5 

7,960 

35,5 

25,5 

9,840 

21,0 

24,5 

13,515 

23,5 

23,5 

20,990 

18,5 

18,5 

22,510 

25,0 

22,5 

24,020 

24,5 

25,5 

Table  2 


EUT 

Cable  amplifier  N  2 

Type 

1  CAS  25M 

Manufacturer 

"Samel  -  90" 

Parameters 

Frequency  range 

Max.  amplification 

Max.  output  level 

Input/output  impedance 

47  to  470  MHz 

25  dB 

115  dB/pV 

75  0 

Test  condition: 

Input  signal 

Output  signal 

Frequency 

100  dB/pV 

115  dB/pV 

470  MHz 

Results 

Frequency 

[MHz] 

Disturbance  voltage  U  [dB/pV] 

with  an  earth 
connection  to  the 
artificial  mains 
network 

without  an  earth 
connection  to 
the  artificial 

mains  network 

0,160 

68,5 

68,5 

0,220 

57,5 

57,5 

0,513 

48,5 

47,5 

0,855 

37,5 

37,5 

0,920 

34,5 

34,5 

1,700 

22,5 

22,5 
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continue  table  2 


6,145 

— 

17,5 

17,5 

7,970 

20,5 

20,5 

8,200 

25,5 

25,5 

8,800 

20,5 

20,5 

9,500 

22,5 

22,5 

10,790 

21,5 

21,5 

13,600 

24,5 

24,5 

15,300 

27,5 

27,5 

16,650 

24,5 

24,5 

19,140 

22,5 

22,5 

24,400 

24,5 

24,5 

28,400 

18,5 

18,5 

Table  3 


F.UT 

Frequency  converter  from  10 
TV  channel  to  8  TV  channel 

Type 

TM  -  200 

Manufacturer 

"Kwarta" 

Test  condition: 

Input  signal 

SW  signal,  vision  carrier  frequency 
207,25  MHz,  level  80  dB 

Output  signal 

Vision  carrier  frequency  167,25 
MHz,  level  92  dB 

Results 

Frequency  [MHz] 

Disturbance  voltage  U  [dB/(j.V] 

0,15 

19,5 

0,42  to  0,48 

12,5 

8,048 

8,5 

8,194 

9,5 

17,395 

28,5 

7.  CONCLUSIONS 

On  the  basis  of  the  present  investigation  can  be 
asserted,  that  the  lower  part  of  the  test  frequency  range 
is  more  critical  for  the  tested  CATV  equipment  At 
these  frequencies  they  don’t  fulfil  the  requirements  of 
the  EN  50083-2  for  limits  of  mains  disturbance 
voltages.  The  frequency  converters  show  better  EMC 
performance. 
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ABSTRACT 

This  paper  looks  at  the  developing  line  transmission 
techniques  being  proposed  for  use  in  the  domestic 
environment  in  the  UK  and  potential  EMC  problems  which 
could  arise  from  advances  in  broadband  networking.  These 
issues  will  be  looked  at  from  the  point  of  view  of  one  group  of 
users  of  the  lower  h.f.  spectrum  where  the  reception  of  weak 
signals  is  of  significant  importance  -  amateur  radio 
operators. 

The  desire  to  provide  high  speed  access  to  services  such 
as  the  Internet,  Home  Shopping  and  Video-on-Demand  has 
caused  new  digital  techniques  to  be  developed  with  the  object 
of  utilising  existing  delivery  systems  such  as  the  telephone 
network  and  more  recently,  the  mains  electricity  supply,  to 
carry  high  speed  data. 

Although  innovative  and  exciting,  these  new  techniques 
may  also  generate  interference  problems.  In  particular 
leakage  of  RF  energy  in  frequencies  at  the  lower  end  of  the 
h.f.  band  could  cause  a  serious  problem. 

Emphasis  will  be  placed  on  Digital  Subscriber  Line 
techniques,  especially  ADSL,  VDSL  and  a  system  which  has 
been  in  the  development  stage  for  some  3  years  and  which 
will  provide  Internet  access  ten  times  faster  than  current 
ISDN  links,  utilising  the  mains  electricity  supply 
infrastructure. 

This  latter  technology  is  due  to  be  launched  in  April 
1998.  At  the  time  of  writing  this  paper  the  hard  facts  are 
veiled  in  commercial  confidentiality.  It  is  hoped  that  the 
fears  regarding  the  possible  EMC  problems  which  might 
arise  from  such  a  system  are  unfounded! 

1.  'AMBIENT  NOISE  FLOOR’  ON  THE  LOWER  H.F. 

FREQUENCIES 

Natural  radio  frequency  noise  falls  into  two  broad 
categories,  natural  and  man-made  noise.  The  first  of  these 
can  itself  be  divided  into  two  categories,  terrestrial  and 
galactic  (sometimes  called  cosmic)  noise.  Natural  terrestrial 
noise  comes  mainly  from  lightning  strikes  taking  place  in 
locations  of  high  thunderstorm  activity  and  propagated  over 
long  distances  by  ionospheric  reflections.  Galactic  noise 
increases  as  the  frequency  decreases  but  in  practice,  at  lower 
h.f.  frequencies,  it  is  difficult  to  distinguish  between  galactic 
noise  and  man-made  noise,  even  in  a  "quiet"  rural  location. 


Official  figures  gathered  world-wide  show  that,  in 
temperate  regions,  the  ‘ambient  noise  floor  is  determined  by 
the  man-made  /  galactic  noise  level  for  a  considerable  part  of 
the  time.  At  these  times,  natural  terrestrial  noise  falls  well 
below  this  level  and  can  be  ignored.  In  temperate  regions, 
man-made  noise  governs  the  minimum  level  of  signals  which 
can  be  received  on  the  h.f.  bands  and  sets  the  ‘bottom  line’  to 
radio  performance. 

Monitoring  signals  on  3.5  or  7.0MHz  in  a  quiet  location, 
where  there  are  no  arcing  contacts  or  similar  impulsive 
interference  generators,  reveals  a  reasonably  quiet  band  with 
a  minimal  'noise  floor’.  This  ties  up  with  figures  in  official 
publications  such  as  CCIR  322.  It  is  important  to  note 
however,  that  the  low  ‘noise  floor’  is  not  always  readily 
apparent  when  measuring  in  the  9kHz  "CISPR"  bandwidth. 
Band  occupancy  is  so  high  in  many  parts  of  the  h.f.  spectrum 
that  it  is  difficult  to  find  a  band  9kHz  wide  which  is  free  from 
intentional  signals!  If  the  output  of  a  suitable  antenna  tuned 
to  a  frequency  in  the  lower  h.f.  band  is  examined  on  a 
spectrum  analyser,  it  will  be  seen  to  consist  of  a  floor  of 
noise,  with  peaks  of  discrete  signals.  These  may  be  genuine, 
intentional,  signals,  or  emissions  from  oscillators  in 
electronic  equipment,  or  possibly  intermodulation  products. 
Transmissions  which  use  very  narrow  bandwidth,  such  as 
CW  Morse  code,  or  other  slow  speed  data  modes,  can  often 
operate  in  between  discrete  signals,  permitting 
communication  to  take  place  under  circumstances  where 
casual  observation  might  indicate  that  such  signals  would  be 
completely  drowned  in  the  noise. 


Fig  1  Model  of  Median  Incidental  Man-Made  Noise  Based 
on  Lossless  Omni-directional  Antenna  Near  Surface  [6.1] 
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It  may  be  thought  that  the  increasing  use  of  satellite 
communications  has  made  long  distance  h.f.  communications 
a  thing  of  the  past.  This  is  not  the  case.  This  portion  of  the 
h.f.  spectrum  is  used  by  distress  and  safety  traffic, 
aeronautical  search  and  rescue,  the  Coast  Guard  and 
Government  agencies.  An  increase  in  the  'noise  floor'  would 
affect  reception  of  signals  in  these  areas,  as  well  as  on  the 
amateur  bands. 

2.  ADSL /VDSL 

The  idea  of  working  remotely  from  the  office  at  home  is 
becoming  more  attractive  and  with  the  new  advances  in  line 
transmission  techniques,  becoming  a  reality.  Asymmetric 
Digital  Subscriber  Line  (ADSL)  which  operates  up  to 
1.1MHz,  has  been  promoted  for  this  use  in  the  US  as  well  as 
for  Video-on-Demand  in  the  UK.  Digital  data  can  be 
transmitted  at  2Mbit/sec  in  one  direction  (to  the  subscriber) 
on  the  existing  telephone  wires  without  disrupting  ordinary 
telephone  calls.  By  using  advanced  digital  compression 
techniques  it  is  possible  to  transmit  TV  pictures  digitally  at 
2.048Mbit/sec  with  high  quality  definition.  However,  it  is 
believed  that  this  may  not  be  commercially  viable  at  present, 
due  to  the  high  capital  cost  of  the  computer  equipment 
needed  at  the  exchange  to  make  the  service  available. 
Concern  has  been  expressed  that  there  will  be  leakage  from 
the  street  furniture,  but  this  should  be  remediable  by  using 
good  engineering  techniques. 

Very  high  speed  Digital  Subscriber  Line  (VDSL),  whilst 
providing  similar  facilities  to  the  customer,  presents 
somewhat  of  a  different  picture.  It  permits  transmission  rates 
of  up  to  12-26Mbits/sec  downstream  and  2Mbits/sec  up¬ 
stream  on  frequencies  up  to  10MHz.  There  will  be  optical 
fibre  links  from  the  telephone  exchange  to  Optical  Network 
Units  (ONUs)  in  the  street  which  will  service  around  200 
customers  using  the  existing  telephone  wire  network,  some 
lines  being  1km  long. 

Concern  was  expressed  by  the  EMC  Committee  of  the 
Radio  Society  of  Great  Britain  (RSGB),  the  national  body  for 
radio  amateurs  and  following  discussions  between  the  RSGB 
and  the  UKs  major  telephone  company,  comprehensive  tests 
were  earned  out.  An  h.f.  receiver  and  antenna  system, 
typical  of  those  used  by  radio  amateurs,  was  set  up  at  a 
measured  distance  from  a  test  line  carrying  simulated  VDSL 
signals.  During  one  trial  the  effect  of  reducing  the  power 
density  in  the  amateur  bands  by  using  a  digital  notching 
technique  was  observed.  The  results  suggested  that  VDSL 
transmissions  with  flat  in-band  power  density  on  overhead 
cables  presented  a  threat  of  interference  to  some  users  of  the 
h.f.  spectrum  with  unacceptable  levels  in  the  lower  h.f. 
amateur  bands.  In  the  trial  where  notching  of  the  amateur 
band  was  switched  in  and  out,  a  reduction  of  more  than  20dB 
was  observed.  The  radio  frequency  interference  (RFI),  from 
the  overhead  drop-wire  carrying  a  full  power  spectrum  VDSL 
signal  could  produce  an  S8  signal  strength  at  a  distance  of 
20m .  ( S  units  are  a  method  used  by  radio  amateurs  for 
measuring  received  signal  strengths  and  are  defined  in  6dB 


steps.  They  range  from  SI,  which  is  'barely  perceivable'  to  S9 
which  is  ’extremely  strong’).  For  anyone  listening  on  the 
amateur  bands  this  would  sound  like  white  noise,  but  could 
in  fact  be  25dB  higher  than  the  noise  floor  previously 
mentioned.  It  is  therefore  hoped  that  the  upstream  channel 
does  not  transmit  on  amateur  frequencies  as  this  may  render 
these  frequencies  unusable. 

As  a  result  of  these  tests,  it  was  suggested  that  the 
maximum  transmitted  launch  power  of  -60dBm/Hz  up  to 
30MHz,  should  be  reduced  to  -80dBm/Hz  on  the  amatcur 
frequencies  and  also  that  this  requirement  should  be  applied 
to  the  ONU  in  the  street  and  at  any  units  at  the  subscriber's 
premises. 


Fig.  2  Possible  Frequency  Allocation  for  VDSL  Signals  at 
User’s  End  of  Telephone  Line  Avoiding  Amateur  Bands 

VDSL  emissions  are  one  problem,  but  r.f.  pickup  of  h.f. 
amateur  transmissions  in  the  vicinity,  on  to  the  telephone 
wires,  could  cause  problems  for  VDSL  subscribers,  especially 
in  areas  where  homes  are  served  by  overhead  'drop  wires' 
from  telephone  poles.  It  is  believed  that  the  UKs  major 
telephone  provider  is  hoping  to  achieve  a  specification  for 
modems  used  with  VDSL  which  would  be  sufficiently 
immune  to  r.f.  pickup.  However  radio  amateurs  are 
concerned  that,  if  such  systems  become  widespread,  with  a 
number  of  competing  providers,  commercial  pressures  may 
cause  systems  with  relatively  poor  immunity  to  be  used.  In 
the  long  run  this  could  lead  to  the  radio  amateur  being 
penalised.  The  RSGB  EMC  Committee  is  watching  the 
development  and  application  of  standards  with  interest 
(standards  will  be  discussed  later)  and  suggests  that  any 
emerging  standards  should  consider  the  following: 

•  The  shaping  of  the  VDSL  frequency  spectrum  to 
incorporate  deep  notches  at  1.81 -2.0MHz,  3.5-3.8MHz 
and  7.0-7.3MHz. 

•  That  the  upstream  channel  should  use  frequencies  below 
1 .8MHz  to  avoid  transmissions  from  subscribers  into  the 
amateur  bands. 

•  That  the  downstream  channel  should  use  higher 
frequencies,  with  the  amateur  bands  notched  (see  Fig.2). 

•  That  Time  Division  Duplexing  (TDD)  should  not  be 
used  unless  the  notches  in  the  amateur  bands  can  be 
made  deeper  than  the  20  -  24dB  achievable  by  TDD. 

•  That  Power  Spectral  Density  (PSD)  should  be  tailored  to 
allow  for  poorer  balance  of  cables  at  higher  frequencies. 
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•  That  'Power  Back-off  should  be  used  to  reduce  launch 
power  on  shorter  cable  runs. 

•  That  a  VDSL  transmitter  should  'power  down'  when  the 
line  is  idle. 

3.  THE  NEXT  PHASE 

Competition  is  high  to  provide  faster  and  faster  access  to 
Internet-based  applications  such  as  electronic  commerce, 
telemarketing  with  broadcast  media  and  Internet  telephony. 
To  be  viable,  costs  will  have  to  be  kept  low,  hence  the 
utilisation  of  existing  networks. 

Nortel  (Northern  Telecom)  and  Norweb  Communications 
have  developed  a  new  technology  that  allows  data  to  be 
transferred  over  electricity  power  lines  into  homes  at  speeds 
of  over  IMbit/sec.  It  is  believed  that  the  system  uses 
Minimum  Shift  Keying  techniques  with  a  ±  500kHz  band¬ 
width  at  a  power  of  50  mW  on  two  frequencies,  2.9MHz  and 
4.3MHz.  These  frequencies  are  not  'cast  in  stone',  but 
frequencies  in  the  range  up  to  8MHz  or  possibly  10MHz  are 
being  considered. 

The  High  Frequency  Conditioned  Power  Network 
(HFCPN),  part  of  which  is  shown  in  Fig.  3,  supplies  in  the 
region  of  150  domestic  customers,  50  on  each  of  the  three 
phases.  The  majority  of  the  UKs  Low  Voltage  Electricity 
Distribution  Network  (LVEDN)  uses  underground  cables. 
There  are  three  separate  three-phase  LV  distributor  cables 
which  leave  the  substation  (as  shown  in  Fig.  3).  The  cable 
lengths  vary  between  250m  and  600m.  The  service  cable 
feeding  each  house  carries  a  single  phase  supply. 
Conditioning  Units  (CU)  containing  filtering  may  be  fitted  to 
connect  the  LVEDN  to  a  HFCPN.  CUs  could  be  placed  on 
the  consumer  side  of  the  substation  and  the  subscriber-to- 
mains  side  of  the  meter.  However,  filtering  at  these 
frequencies  is  costly  and  it  is  thought  that  filtering  where  the 
supply  enters  the  consumers  premises  will  be  minimal  or 
non-existent.  It  is  possible  that  this  might  be  considered  an 
asset,  since  customers  could  connect  their  PCs  etc.  via 
Ethernet-style  adapter  cards  directly  into  the  13  Amp  sockets 
via  a  local  filter  unit. 


©RSGB 

3  phase  distributor  cable  in  street 
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Fig.  3  Block  diagram  showing  part  of  a  High  Frequency 
Conditioned  Power  Network 

Although  a  commercially  exciting  project,  signalling 
down  the  mains  could  signal  a  significant  increase  in  the 
already  rising  'noise-floor'  on  the  lower  h.f.  frequencies. 


There  are  many  areas  of  concern,  but  the  main  one  is  radio 
frequency  interference  RFI. 

Leakage  of  signals  out  of  the  HFCPN  is  more  than  likely, 
with  the  potential  for  coupling  into  the  house  wiring.  It  is 
presumed  that  the  signals  will  be  present  at  all  houses 
supplied  with  electricity  from  this  source,  whether  there  is  an 
uptake  or  not.  This  will  mean  that  any  cable  emerging  from 
the  underground  distribution  system  is  a  potential  radiator  of 
RFI.  The  magnitude  of  the  radiation  will  depend  on  the 
disposition  of  the  cables  and  the  balance  of  the  system,  both 
of  which  could  vary  widely,  and  which  would  be  very 
difficult  to  model.  Unless  all  outlets  are  filtered  as  they 
emerge  from  the  underground  system,  it  is  difficult  to  see 
how  severe  emission  problems  can  be  avoided.  The 
modulation  techniques  used  in  HFCPN  could  be  of  a  similar 
type  to  those  used  in  digital  audio  broadcasting,  where  there 
are  many  carriers  with  overlapping  sidebands.  All  these 
carriers  could  approach  MPT  1520  limits,  with  a  resultant 
broadband  noise  effect  which  could  cover  a  whole  amateur 
radio  band  rather  than  just  spot  frequencies. 

The  mains  infrastructure  is  of  indeterminate  quality  and 
age.  Even  though  the  underground  LV  cables  look  like 
coaxial  cable,  they  are  not  designed  to  have  high  shielding 
effectiveness  at  r.f.  However,  as  has  already  been  said,  the 
real  problem  will  be  radiation  from  the  above-ground  cabling. 
It  is  believed  that  during  trials,  broadband  emissions  with  a 
field  strength  as  high  as  57dB|J.V/m  have  been  measured. 

Leakage  will  occur  from  above-ground  wiring  connected 
to  underground  cables,  but  where  there  is  overhead  LV 
distribution  there  would  be  direct  pickup  and  radiation  from 
the  distribution  system  itself.  In  an  urban  environment  there 
are  many  more,  less-elevated  conductors  which  will  make 
effective  unintentional  radiators,  the  most  obvious  ones  being 
lamp  posts.  Unlike  interference  which  originates  from  a 
single  source  where  the  radiated  field  falls  off  in  a 
predictable  way,  mains  signalling  data  is  deliberately 
disseminated  over  a  wide  distribution  area  and  radiation  will 
take  place  from  all  connected  wiring.  Each  lamp  post  could 
act  as  a  potential  vertical  antenna  and  with  others,  would 
form  part  of  a  radiating  antenna  system  which  could  increase 
the  risk  of  interference  to  other  radio  services.  The  problem 
could  be  overcome  by  filtering  each  lamp  but  the  overall  costs 
would  then  increase. 

Taking  a  simplistic  view,  that  a  veiy  large  number  of 
small  leakages  could  be  added  in  terms  of  power,  the 
possibility  of  long-range  ionospheric  propagation  of  the 
resultant  noise  would  also  have  to  be  considered.  This  is  a 
'worst  case'  scenario,  with  the  assumption  that  the  system  has 
these  inherent  problems  and  that  it  is  developed  on  a  large 
scale. 

As  with  VDSL,  there  is  the  possibility  that  the  multi- 
carrier  modulation  techniques  used  could  be  configured  to 
take  account  of  frequencies  used  by  the  amateur  service  in 
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the  essential  requirements  of  the  EMC  Directive. 


their  sector  of  the  spectrum.  The  immunity  of  the  system  to 
transmissions  from  other  users  of  the  lower  h.f.  frequencies 
must  also  be  addressed. 

4.  STANDARD  PROTECTION 

Because  technology  is  moving  so  quickly  and  because  the 
procedures  for  making  and  implementing  standards  is  so 
protracted,  it  is  possible  that  the  'Generic'  standards  would  be 
used  as  a  stop-gap.  Most  standards  relating  to  emissions 
from  electronic  equipment  were  devised  to  cater  for  situations 
relating  to  analogue  techniques.  The  emergence  of  digital 
techniques  means  that  broadband  emissions  at  the  maximum 
permissible  level  will  extend  over  a  wide  bandwidth  making 
large  chunks  of  the  lower  h.f.  spectrum  unusable. 

Existing  EU  EMC  standards,  such  as  EN55022  do  not 
call  for  radiated  emission  limits  below  30MHz.  Above  this 
frequency,  only  conducted  emission  limits  are  specified.  The 
current  standard  that  applies  to  mains  signalling  is  IEC 
61000-3-8  which  deals  with  emissions  in  the  3kHz  to  525kHz 
range.  There  is  no  specific  standard  for  emissions  from 
mains-bome  communications  systems  at  m.f.  or  h.f.  so  it 
appears  that  MPT1520  will  be  applied  in  the  UK.  This 
however,  deals  with  cable-to-cable  TV  systems  operating 
below  30MHz. 

As  far  as  VDSL  is  concerned,  a  Draft  Standard  exists 
DTS-TM-06003-1  "Transmission  and  Multiplexing  (TM); 
access  transmission  systems  on  metallic  access  cables;  Very 
High  Speed  Digital  Subscriber  Line  (VDSL);  Part  1 
Functional  Requirements"  -  but  as  yet  it  is  not  in  the  public 
domain. 

Mains  communication,  being  somewhat  of  a  hybrid 
system,  does  not  fit  comfortably  within  existing  standards.  It 
is  feared  that  it  may  fall  into  the  gap  between  the  WT  Act  and 
the  EMC  Regulations.  Is  the  technology  classed  as  a  large 
installation  or  a  system,  as  far  as  the  EMC  Directive  is 
concerned?  Until  an  engineering  specification  for  the  system 
is  seen,  together  with  any  EMC  analysis  and  proposed  route 
to  conformity,  it  is  difficult  to  assess  how  it  will  comply  with 


The  EMC  Regulations  Statutory  Instrument  SI  1992  No 
2372  Part  1  Protection  Requirements  Section  5  Clause  4 

states  " .  the  electromagnetic  disturbance  generated  by 

relevant  apparatus  shall  - 

a)  not  exceed  a  level  allowing  radio  and 

telecommunications  to  operate  as  intended  and . " 

This  offers  a  small  degree  of  comfort! 

5.  CONCLUSION 

In  the  commercial  race  for  faster  data  delivery  systems 
which  push  the  frontiers  of  technology,  it  must  not  be 
forgotten  that  as  well  as  financial  interest,  there  should  also 
be  an  interest  in  protecting  all  users  of  the  spectrum. 

Existing  emission  standards  allow  emissions  which  are 
large  in  relation  to  weak  signals  in  the  amateur  bands.  There 
is  no  limit  to  the  number  of  different  frequencies  which 
equipment  may  emit,  provided  none  of  these  exceed  the 
limits  set.  With  broadband  digital  communications  coming 
on  stream,  the  risk  of  RFI  generated  on  a  large  scale  cannot 
be  discounted.  The  resulting  compounded  cacophony  could 
mean  an  increase  in  the  'noise  floor'  resulting  in  obliteration 
of  weak  signals  on  the  lower  h.f.  bands  which  could  effect 
national  interest  or  just  eliminate  portions  of  the  amateur 
bands  used  by  the  Amateur  Service. 
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INTRODUCTION 

It  seems  quite  obvious  that  the  recent  changes 
in  the  CIS  countries  have  had  affected  everyone’s 
life  greatly.  Hams,  as  the  most  technically 
advanced  multicultural  group,  were  affected  by  the 
mentioned  changes  in  several  ways. 

As  the  Ukrainian  representative  I  am  going  to 
give  the  broad  picture  of  the  problems  we  are 
facing  in  Ukraine.  No  doubt  our  experience  could 
be  interpolated  over  the  most  of  the  C.I.S. 
countries 

Firstly  -  most  of  the  hams  lost  their  technical  jobs 
and  have  been  forced  to  look  for  something  else  to 
survive.  This  resulted  in  drastic  decrease  in  ham 
radio  activity  within  the  former  Soviet  Union. 
Secondly  -  availability  on  the  legal  and  black 
markets  of  the  new  and  used  ham  gear,  which  is 
the  cheapest  one  to  get.  This  resulted  in 
immediate  appearance  of  a  lot  non-licensed 
commercial  stations  on  the  VHF  ham  bands. 
These  stations  cause  a  lot  of  interference  to  the 
amateur,  fixed  and  broadcast  services.  As  usual, 
amateurs  are  first  to  be  blamed  for  the  mentioned 
interference. 

Thirdly  -  several  modern  commercial 
communication  techniques  were  introduced  in 
Ukraine  lately.  They  include:  pager  broadcast, 
trunking,  cellular  and  long  range  cordless 
telephones,  commercial  repeaters  and  some  other. 
The  transmitters  on  sites  are  mostly  running 
excessive  power  and  sometimes  supprovised  by 
non  qualified,  poorly  paid  personnel.  This  results  in 
misalignment  and  a  lot  of  out  of  band  interference. 
For  example,  the  300  W  paging  transmitter 
completely  blocks  the  packet  frequency  of  144.650 
in  some  parts  of  Lvov. 

Fourthly  -  another  serious  EMC  problem  for  the 
apartment  dwellers,  who  most  of  the  Ukrainian 
hams  are,  is  cable  television.  The  typical 
installation  is  done  by  stringing  long  runs  of  low 
grade  (cheap)  coax  between  the  blocks  and  along 
the  roofs  to  the  satellite  dish  sites.  These 
installations  are  susceptible  to  all  kinds  of  HF  and 
VHF  interference.  What  is  even  worse  that 
according  to  the  local  regulations  one  of  the  cable 


TV  subbands  falls  within  the  amateur  2  m  band. 
Therefore  operation  of  the  5  watts  HT  blocks  the 
reception  on  this  channel  for  the  whole 
neighbourhood. 

Fifthly  -  the  mass  “invasion”  of  the  cheap  low  end 
electronics  from  the  Far  East  presents  another 
EMC  problem  to  the  Ukrainian  Hams  and  can 
potentially  eliminate,  especially  in  the  law-less 
situation  that  exists  in  most  of  the  CIS  countries,  a 
lot  of  active  hams  from  the  air.  Examples  of  the 
RFI/TVI  situations  involving  TV-sets,  satellite 
systems,  VCR’s,  digital  telephones,  etc.  are  given. 
Sixthly  -  local  import  and  manufacturing 
regulations  do  not  even  mention  EMC  standards 
for  the  home  electronic  devices.  Therefore  the 
Ministry  of  Communication  has  no  legal  authority 
to  justify  amateur’s  rights  to  operate  his  properly 
aligned  station  in  case  of  the  RFI/TVI  complaints 
from  the  owner  of  such  a  device. 

Let’s  examine  the  mentioned  problems  and  find 
out  what  could  be  done  to  reduce  the  possible 
negative  effects  on  ham  radio  activities  in  the  post 
Soviet  countries. 

1.  EXPERIENCES  FROM  THE  PAST 

As  in  most  of  the  Eastern  European  countries 
hams  were  concentrating  in  urban  areas  mainly 
surrounding  the  huge  industrial  agglomerations. 
This  was  a  forced  solution  since  both  land  and 
apartment  buildings  belonged  to  the  State  and  one 
could  not  buy  the  piece  of  land  to  built  the  house 
with  antenna  tower  in  the  backyard.  Therefore  RFI 
and  TVI  problems  with  hams  involved  were  quite 
common  those  days.  Fortunately  “hamwise”  only 
few  official  state-run  TV  channels  were  available 
giving  hams  chances  to  find  the  EMC  solutions  on 
their  end.  Different  kinds  of  TVI  filters  were  quite 
popular  and  ferrite  cores  were  cheap  and  easy  to 
find  on  almost  every  electronic  “black  market”. 

RFI  EMC  problems  involving  shortwave 
broadcast  reception  were  rare  since  the 
electromagnetic  energy  levels  from  the  jammer 
stations  located  in  all  major  cities  were  so  high  that 
they  effectively  eliminated  the  possibilities  of  such 
receptions  themselves.  The  side  effect  was 
inability  for  hams  to  use  some  of  the  bands  during 
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some  parts  of  the  day.  For  instance,  in  Lvov, 
Ukraine  the  use  of  the  40  meter  band  was  almost 
impossible  from  1500  GMT  to  0500  GMT  due  to 
the  jammers  fighting  Radio  Tirana  that  was 
transmitting  within  the  amateur  band.  Harmonics 
from  the  mentioned  jammers  were  heard  on  20 
and  15  meters  effectively  reducing  one's  ability  to 
hear  weak  signals.  The  jammer’s  signals  were  so 
strong  that  it  was  rectified  by  the  poor  relay 
contacts,  bad  or  corroded  antenna  connections 
making  hamming  in  the  cities  a  real  nightmare. 

Another  problem  that  remains  from  the  past  is 
so  called  “wire  broadcasting”.  This  system  remains 
unchanged  since  World  War  II  and  uses  open  wire 
lines  string  between  the  blocks  to  transmit  several 
radio  programs.  This  system  causes  the  following 
EMC  effects:  pickup  by  grounding  wires,  coaxial 
cable  shields,  microphone  and  headphones  cords 
and  finally  heavy  QRM  on  several  160  meter 
frequencies.  All  these  forced  hams  to  learn  a  lot  to 
find  the  proper  solutions  to  every  EMC  problem. 

2.  THE  RECENT  SITUATION  WITH  AMATEUR 
RADIO  IN  UKRAINE 

Hams  in  Ukraine  are  very  proud  of  a  new 
regulations  adopter  by  the  Ukrainian  Justice 
ministry  and  Ministry  of  Communication  on 
November  27, 1997  No  564/2368.  Putting  aside  all 
the  details  of  this  document  let’s  look  on  the  EMC 
part  of  it  to  see  if  it  contains  any  potential  danger 
for  hams.  Actually  only  one  paragraph,  i.e.  8.3.10 
deals  with  EMC  saying:  ”lt  is  prohibited  to  operate 
the  Amateur  Radio  Station  during  the  TV  -  hours  if 
such  ARS  creates  TVI  QRM  on  a  commercially 
made  TV-set  which  operates  according  to  it’s 
specifications  and  is  connected  to  the 
commercially  made  outdoor  antenna.”  Looks 
great,  isn’t  it?  But  let’s  analyze  this  regulation 
more  closely. 

Firstly,  we  need  to  see  if  there  were  any  changes 
in  the  living  conditions  of  the  inhabitants  in  general 
and  hams  in  particular.  The  answer  is  definite  NO. 
Most  of  the  hams  remain  in  cities,  but  in  majority 
lost  their  jobs  and  provisions  for  better  life. 
Secondly,  there  is  a  huge  amount  of  the  cheap 
electronics  from  the  Far  East  being  brought  into 
the  country  by  all  possible  means.  This  equipment 
is  not  only  bad  in  general  but  is  making  an 
impression  that  it's  designers  never  heard  about 
EMC  and  made  their  boxes  to  be  intentionally 
susceptible  to  all  kinds  of  interference.  These 
include: 

-  TV-sets  in  the  fancy  plastic  boxes  which  are  not 
only  jumping  down  from  their  pedestals  after  the 
first  transmitter  key-down  but  also  creating  noise 
intensities  compared  to  the  “good-old”  Russki 
jammers  mentioned  above.  These  units  have 
almost  no  front-end  selectivity  due  to  the  lack  of 
input  RF  filtering; 


-  VCR  players  and  recorders  that  have  no 
shielding  at  all  and,  as  we  found  here,  having  the 
unique  property  to  be  RFI  susceptible  in 
accordance  to  the  reverse  relationship,  i.e.  the 
lower  the  transmitting  frequency  the  stronger  the 
RFI  at  the  VCR  site.  Putting  the  ferrite  chokes  on 
AC  and  video  cables  does  not  help  at  all  and  we 
believe  this  is  a  most  difficult  EMC  problem  at  the 
moment  due  to  the  fact  that  a  lot  of  consumers 
connect  their  TV-sets  through  these  recorder  units 
that  makes  the  “dreadful”  combination; 

-  Cheap  digital  telephones  which  are  excellent  RF 
energy  rectifiers,  having  in  mind  the  length  of  the 
“antennae"  connected  to  them.  These  telephones 
are  the  amateur’s  nightmare.  In  fact  we  never  had 
problems  with  the  old  rotary  dial  phones. 

Thirdly,  as  we’re  entering  the  computer  era  it’s 
quite  obvious  the  computers  and  ham  gear  would 
have  start  to  interfere  with  each  other.  Again,  as 
with  the  items  mentioned  before,  most  of  the 
computer  hardware  that  get’s  on  CIS  markets  is  of 
the  cheapest  “yellow”  brand.  I  want  to  a  few 
examples  of  the  noticed  EMC  compatibility 
problems. 

1. Bad  keyboards  that  show  two  major  EMC 
problems:  rectification  through  the  keyboard  cord  - 
no  ferrite  beads  both  on  computer  and  keyboard 
sides  of  the  cord  and  rectification  through  the 
hand/keyboard  capacitance  (the  worst  case)  that 
forces  keyboard  to  generate  random  symbols 
when  one’s  typing  or  just  approaching  the  fingers 
to  the  keyboard  when  transmitter  is  on.  I'll  address 
this  situation  more  closely  when  analizing  the  EMC 
situation  while  running  the  PLX  multimode 
mailbox. 

2.  Processor  Unit’s  problems.  The  major  EMC 
problems  concerning  the  processor  units  from  the 
ham  standpoint  are:  the  noise  from  power  supply, 
data  cables,  phone  line  connected  to  the  internal 
and  external  modems  and  unshielded  twisted  pair 
network  cables.  Grounding  the  unit  can  partly  cure 
the  noise  generated  by  the  power  supply  and  data 
cables  inside  the  cabinet  but  has  no  noticeable 
effect  on  the  outside  cables.  Most  of  the 
networking  in  this  country  is  done  by  using  the 
cheap  (again)  unshielded  twisted  pair  resulting  in 
high  levels  of  RF  noise  generated  by  such 
networks.  Telephone  modems  are  capable  to 
generate  even  more  noise  due  to  unbalanced 
status  of  the  open  two  wire  lines,  bad 
interconnections  and  extremely  long  runs. 
Needless  to  say  that  reciprocity  law  can  result  in 
ham  ruining  some  big  company’s  network  by 
simply  transmitting  on,  say  20  meter  sideband.  If 
the  company  owner  belongs  to  mafia  (which  is 
quite  common  nowadays),  this  poor  ham  is  in  real 
trouble. 

3.  Videomonitors  and  other  external  devices  are 
the  source  of  all  kinds  of  noise  as  well.  The  colour 
SVGA  ones  from  BY,  VS6,  BV,  etc.  are  extremely 


469 


“loud”  while  the  multimedia  AF  sets  are  “ideal”  to 
receive  and  rectify  any  RF  enrage  nearby.  I  tested 
these  boxes  with  a  5  watt  HT  and  found  that  the 
latter  makes  them  useless  -  good  news,  one  can’t 
simultaneously  listen  to  “heavy  metal”  and  talk  to 
local  repeater. 

3.  SANITARY  INSPECTION  -  ANOTHER 
THREAT  TO  CIS  HAMS 

Recently  another  serious  threat  to  the  CIS 
hamming  community  appeared  to  be  the  Sanitary 
Inspection,  This  government  institution  not  only 
defines  standards  on  electromagnetic  radiation 
levels  which  is  it’s  duty  but  recently  announced 
that  every  user  of  the  radioelectronic  transmitting 
device  has  to  have  certification  by  the  mentioned 
inspection.  This  procedure  is  not  only  time 
consuming  but  also  costs  up  to  $100  per  unit. 
What  is  even  worse  that  according  to  the  recent 
Ukrainian  Sanitary  regulation  N190  adopted  by  the 
Justice  Ministry  the  non-certified  unit  can  be 
confiscated  or  put  under  arrest  until  the 
certification  is  completed.  Hams  simply  can’t 
afford  paying  this  much  and  UARL  is  working 
trying  to  change  this  regulation.  The  recent 
admissible  levels  of  radiation  according  to  national 
standards  N39  01.08.96  are  presented  in  a  table 
below. 


Frequency  MHz 

Level  Volt/meter 

1.8 

15 

3.5 

5.8 

7 

4.9 

10 

4.4 

14 

4.0 

18 

3.7 

21 

3.5 

24 

3.3 

28 

3.1 

50 

3.0 

144 

3.0 

432 

2.2 

4.  CABLE  TELEVISION  -  THREAT  TO  LOCAL  2 
METER  ACTIVITY. 

Another  problem  the  hams  are  facing  in  big 
cities  is  cable  television.  One  can  object  to  this  by 
saying  that,  ideally,  cable  television  reduces  or 
even  eliminates  the  TVI  complaints  possibility.  Not 
in  this  country!  The  coax  cables  are  “low  grade  - 
less  braid"  kind,  amplifiers  use  cheap  low  signal 
FET's  and  one  of  the  channels  transmitted  falls 
within  the  limits  of  the  amateur  2  meter  band!  This 
makes  it  hard  to  use  even  the  HT  with  the  outdoor 
antenna  in  the  evening  in  some  parts  of  the  city  of 
Lvov.  Packet  activity  is  also  affected.  No  solution 
has  been  found  to  this  EMC  problem  since  cable 
TV  companies  don't  want  to  make  their  systems 
EMC  compatible. 


All  the  listed  facts  show  how  difficult  the  ham  life 
became  during  the  last  few  years.  In  the  next  part 
I'll  try  to  show  what  ham  can  do  to  reduce  these 
negative  effects. 

5.  SOLUTIONS  TO  THE  EMC  PROBLEMS  BY 
THE  URBAN  UKRAINIAN  HAMS 

Followed  is  a  discussion  of  several  amateur 
set-ups  and  how  the  arising  EMC  problems  are 
being  solved. 

Setup  1  -  AMTOR/PACTOR/PACKET  scanning 
mailbox.  Frequencies  of  operation :  3.5,7,10,14 
MHz  HF,  144  MHz  VHF. 

This  U5WF  mailbox  is  operating  near  the 
center  of  the  city  of  Lvov  for  more  then  3  years 
now  and  represents  a  kind  of  extreme  case  due  to 

24  hour  schedule,  amount  of  frequencies  used  and 
high  percentage  of  key-down  in  Pactor  mode. 

EMC  problems  found:  keyboard  RF  pickup  on 
80  and  30  meters,  TVI  complains  from  VCR  users 
when  MBO  is  transmitting  on  80  meters  and  those 
located  in  front  lobe  of  40  m  yagi  antenna,  two 
meter  transceiver  squelch  randomly  opening  when 
MBO  was  transmitting  on  20  and  80  meter  bands. 
Equipment  used:  “Kenwood  TS-930S”  using  the 
parallel  scanning  scheme  and  recently  “Ten-Tec 
Paragon"  using  serial  scanning  scheme,  output 
power  100  watts  HF  bands; 

Icom  IC281  FM  transceiver,  output  power  10/50 
watts  VHF; 

Antennae:  80  m  -  shunt  fed  Omega  matched  mast 
with  20  and  40  meter  yagis  as  top  hat,  16  meter 
high; 

40  m  -  2  element  yagi  -  split  driven  element,  direct 
50  Ohm  feed,  symmetry  by  coaxial  choke 
according  to  Cushcraft  instructions; 

20  m  -  5  element  monoband  yagi  direct  50  Ohm 
feed  through  2  quarterwave  coaxial  transformers, 
symmetry  by  coaxial  choke  as  on  40  meters; 

2  meters  HB9CV  two  element  antenna,  vertical 
polarization,  at  first  located  on  the  same  mast  as 
other  antennae; 

Computer:  “Wise  Decision  20-SX”. 

To  solve  the  mentioned  EMC  problems  the 
following  actions  has  been  taken: 

The  ferrite  chokes  were  put  on  a  keyboard  cord,  all 
signal  cables  outside  the  computer  to  Pactor, 
Amtor,  Packet  controllers  and  scanning/switching 
box  and  transceivers.  The  2  meter  antenna  was 
moved  to  another  mast  6  meters  from  the  main 
one.  These  cured  all  EMC  problems  within  the 
mailbox  itself  while  VCR  RFI  situation  could  not  be 
solved. 

Setup  2  -  VHF  amateur  repeater  UROWVC  in 
Lvov,  Ukraine. 

Equipment  used:  Hamtronics  2  meter  repeater 

25  watts  output,  WACOM  duplexer  92  dB  isolation 
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between  receive  and  transmit  frequencies 
channels  tuned  to  repeater  channel  R2.  There  was 
NO  interference  between  this  repeater  and  two 
other  installations  in  the  same  building: 

1. The  commercial  4  channel  trunking  system 
using  the  “Motorola”  GM300  transceivers  and 
duplexers. 

2.  The  commercial  no-duplexer  separate 
receiver/transmitter  antennae  repeater  system. 

Both  commercial  installation  were  operated  in 
the  150  -  170  MHz  range  with  vertically  polarized 
antennae  installed  on  the  same  roof  measuring  20 
x  40  meters. 

Setup  3  -The  multichannel  Lvov  DXC luster 
VHF/UHF  node  US5WE. 

The  4  channel  node  operates  on  three  2  meter 
frequencies  of  144.675  MHz,  144.950  MHz  -1200 
bps,  144.850  MHz-  2400  bps  and  430.600  MHz 
RX/438.200  MHz  TX  9600  bps  packet. 

Simple  front-end  filtering  is  used  on  all  2m 
channels  by  means  of  spiral  resonators.  The  70 
cm  “K-Net”  transceiver  has  no  additional  filtering. 
There  are  two  other  VHF  communication  systems 
in  the  same  building  -  commercial  50  Watts  FM 
voice  operating  on  156/160  MHz  and  high  power 
SINAO  telephone  operating  on  260/300  MHz 
range.  No  interferences  to  or  from  these  services 
were  noticed  on  the  packet  system.  No 
interchannel  interference  was  noticed  between 
144.675  and  144.850  MHz  channels  using  the 
same  vertical  polarization  and  30  meter  separation 
between  antennae.  Both  were  using  5  watts  output 
Yaesu  FT23R  transceivers.  The  144.950  MHz  is  a 
backbone  channel  to  Ternopol  and  uses  stacked 
10  over  10  horizontally  polarized  yagi  driven  by 
Motorola  M10  25  watts  transceiver.  No 

interference  to  other  channels  from  this  one  was 
noticed  as  well.  On  the  other  hand,  SINAO 
telephone  is  interfering  with  156/160  MHz 
commercial  system  which  uses  Alinco  DR130 
transceiver  with  no  front-end  filtering. 

5.  CONCLUSION 

The  presented  examples  clearly  show  that 
ham  radio  activities  present  no  serious  EMC 


problems  to  other  communication  services  in  this 
and  other  CIS  countries  due  to  the  fact  that  these 
services  use  high  grade  equipment  which 
generally  is  being  properly  installed  by  qualified 
and  well-trained  personnel.  The  vast  majority  of 
EMC  problems  for  hams  comes  from  interfering 
with  low  quality  home  electronic  devices  and 
systems  installed  by  unqualified  technicians. 
Serious  efforts  are  made  by  the  Ukrainian  Ham 
community  to  improve  the  communications  laws  in 
this  country  to  include  the  European  EMC 
standards  into  the  local  regulations.  Ukrainian 
hams  are  needing  international  support  and  seeing 
the  participating  in  this  Conference  as  an 
important  move  in  that  direction. 

BIOGRAPHY 

Technical  director  J  V  “Safe  Guard  -  Ukraine”; 
Chairman  of  the  Digital  Communications 
Committee  of  the  Ukrainian  Amateur  Radio 
League  (UARL); 

Director  for  the  European  Operations 
Foundation  For  Amateur  International  Radio 
Service  (FAIRS)  -  planning,  coordination  and 
implementation  of  the  $24,873  "Eurasia 
Foundation"  grant  "Ukrainian  Digital  Amateur 
Radio  Network" 

Educational  Background: 

Lvov  Polytechnic  Institute,  Radio  Engineering 
Department,  graduated  1978,  specialized  in 
radioelectronic  equipment  design. 

Virginia  Polytechnical  Institute  and  State 
University  IBM  computer  Interfacing  and  Control 
Workshop,  Oct.  1990,  Lvov  Ukraine. 

Peace  Corps  of  the  United  States  of  America 
The  Small  Project  Design  and  Management 
Workshop,  March  1994,  Lvov  Ukraine. 

Languages:  Native  speaker  of  Russian.  Fluent  in 
Ukrainian,  English  and  Polish. 

Ham  Radio  Experience: 

Licensed  Ukrainian  Amateur  Radio  Operator  since 
1967,  Highest  class  of  licence  with  the  callsign 
US5WE(ex  UB5WE). 

US  FCC  Extra  class  amateur  licence  K1WE  since 
1990.  Bangladesh  amateur  radio  licence  S21ZM 
since  1993. 


EMC  98 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


EM  ENVIRONMENT  IN  APARTMENT  HOUSES 
Hubert  Trzaska 

EM  Environment  Protection  Lab.,  ITA  Techn.  Univ.  of  Wroclaw 
Wyspianskiego  27,  50-370  Wroclaw,  Poland 


The  work  presents  the  role  of  Amateur  Radio 
Service  in  the  electromagnetic  environment  of 
apartment  houses  and  other  inhabited  areas.  Some 
interference  may  be  caused  by  the  service,  however, 
presently  it  is  rather  a  victim  of  interferences 
generated  by  other  services  and  devices  than  primarily 
responsible  for  their  presence,  especially  while  good 
professional  equipment  and  correctly  designed 
antennas  are  in  use.  Briefly  are  discussed  problems 
with  interferences  which  result  from  presence  of 
harmonic  frequencies  in  power  frequency  rectifiers  and 
regulators,  power  devices  applied  in  TV  and  VDU 
devices,  environment  in  the  vicinity  of  cable  TV 
networks  and  the  role  of  resonant  effects  in  the 
proximity  of  local  FM  and  TV  stations. 

1  INTRODUCTION 

Members  of  the  Amateur  Radio  Service  (ARS), 
both  CB  enthusiasts  and  the  hams,  have  been  installed 
in  apartment  houses  or  dwelling  ones.  With  no  regard 
to  the  type  of  a  house,  they  are  usually  located  in  areas 
where  the  population  density  is  extremely  large.  Thus, 
the  experience  of  ARS,  as  regards  its  'cohabitation'  with 
neighbours  as  well  as  problems  of  the  mutual 
interference,  is  the  longest  and  the  largest.  It  is  not  by 
haphazard  that  a  pretty  large  number  of  people 
professionally  involved  in  EMC  has  more  or  less 
intense  tics  to  the  ARS.  The  point  may  be  confirmed  by 
the  inclusion  of  the  problem  'EMC  in  ARS'  to 
international  EMC  symposia. 

The  area,  till  now  occupied  monopolistically  by 
the  ARS,  is  more  and  more  often  entered  by 
professional  services  as  well.  The  trend  has  been 
initiated  by  wide  spread  implementation  of  electric  and 
electronic  devices  applied  in  house-holds  which  are 
applied  for  'technological'  or  medical  purposes,  e.g.: 
microwave  oven,  inductive  cooker,  apparatus  of 
d'Arsonval,  for  work  and  pleasure  purposes,  e  g.:  TV- 
and  video  sets  and  installations,  computers  and  ending 
on  devices  for  remote  control,  toys,  etc.  Then  different 
types  of  transmitting  devices  were  installed  on  the  roofs 
of  the  tallest  buildings.  Starting  from  BC  and  TV 
transmitters  to  a  variety  of  types  of  base  stations, 
radiotelephone  centers  and  cellular  phone  stations. 
Presently  a  global  explosion  of  the  cellular  phones'  use 
penetrates  the  environment  the  strongest. 


The  wide  spread  of  these  devices  has  caused  that 
the  EM  environment,  especially  that  in  apartment 
houses,  is  more  and  more  dense  and  its  pollution  is 
incomparable  to  any  other  one;  even  with  no  exclusion 
of  the  majority  of  ISM  environments.  Every  type  of 
device  may  be  a  source  of  the  interference  and,  some 
time  simultaneously,  a  victim  of  it.  Apart  from  the 
human  exposure  it  means  that  every  type  of  device, 
applied  in  the  environment,  must  be  more  and  more 
immune  against  the  EMI.  The  'system'  seems  to  be 
'overloaded'  now.  The  best  example  here  is  practical 
impossibility  to  listen  to  LW  BC  stations  or  even  to  the 
local  MW  stations.  As  a  result  the  problems  faced  till 
now  by  the  ARS  only  are  more  and  more  essential  for 
other  sendees  and  institutions.  Here  is  the  reason  why 
hams'  experience  is  important  and  their  opinions  arc  of 
concern  not  only  for  themselves. 

2.  POWER  FREQUENCY  DEVICES 

We  won’t  discuss  here  sparks  discharges  or  similar 
phenomena  in  power  substations  and  transmission 
lines.  They  generate  quite  strong  EMI,  however,  they 
usually  are  located  at  a  distance  from  the  environment 
discussed.  In  household  one  uses  widely  different  types 
of  thyristor  regulators,  lamps,  power  converters  and 
others  that  may  create  EMI  in  wide  frequency  range.  1 1 . 
2,  3],  The  basic  frequency  content  in  the  full-wave 
thyristor  controller  is  shown  in  Fig.  1  versus  current 
flow  angle.  In  this  case  the  basic  frequency  is  the  same 
as  the  input  one,  however,  in  multi-phase  rectifiers  and 
regulators  it  may  be  its  multiple  as  shown  in  Fig.  2  for 
the  full-wave  rectifier,  while  Fig  3  presents  current 
spectrum  of  a  15  W  GE  lamp  [4,  5], 


Fig.  1  First  harmonic  in  a  full-wave  thyristor  regulator 
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Fig.  2.  Harmonic  fringes  at  output  of  full-wave  rectifier 


g.  3  Current  spectrum  of  a  15  W  GE  lamp 

Wc  should  add  here  that  due  to  high  current, 
especially  in  ISM  type  devices,  the  harmonics  may  be 
of  remarkable  intensities  even  at  RE.  By  the  way  we 
may  notice  that  the  phenomenon  creates  significant 
legal  problems  that  may  be  summarized  in  the  question: 
what  docs  power  line  frequency  mean?  [6] 

The  above  mentioned  phenomenon  results,  in 
majority,  in  EMI.  At  the  same  time  the  newspapers 
frequently  bring  'revelations’  on  the  cancer  cases  due  to 
HV  overhead  lines  and  even  home  power  installations. 
The  author's  experience,  supported  by  numerous 
measurements  performed  in  the  neighbourhood  of  local 
power  substations  (some  time  located  on  the  ground 
floor  of  apartment  houses)  and  HV  lines,  shows  that  in 
no  flat  EMF  exceeds  this  of  a  typical  floor  for  home 
installation.  However,  years  before  these  installations 
were  placed  inside  the  Bergmann's  tubes.  This  forgotten 
technique  assured  remarkable  reduction  of  EMFs 
radiated  from  the  power  installation. 

3.  VDUs 

Analysis,  similar  to  the  above,  should  be  devoted 
to  countless  types  of  power  sources  containing  pulsed 
stabilizers  or/and  based  upon  frequency  conversion 
which  are  widely  used,  c.g.:  in  TV  and  VDU  devices. 
Wc  would  not  discuss  here  the  problem  of  the  hazard, 
created  by  these  devices  to  their  users.  We  will  focus 
our  attention  only  on  EMI  radiated  by  them  that,  in 
fact,  have  excluded  the  possibility  of  LW,  and  even 
MW,  reception  in  their  proximity'.  The  ARS,  working 
with  signal  levels  much  below  these  of  applied  in  BC  or 
TV  reception,  has  with  them  problems  at  SW  as  well. 
Wide  spread  applications  of  these  devices  causes  EMI 
in  almost  every'  apartment  house.  However,  here  is  a 
certain  hope  that  the  technology  development  and  the 
train  to  limit  power  consumption  will  lead  to  flat 


displays’  use  in  VDUs  that  should  remarkably  limit  the 
EMI  in  real  future.  It  is  a  unique  example  while  a 
technological  trend  is  identical  with  the  ecological  one 

In  order  to  illustrate  the  scale  of  the  problem  in 
Fig.  4  is  shown  measured  EMI  level  within  LW  and 
MW  range  in  a  typical  apartment  house  and  caused  in 
the  majority  by  the  VDUs.  Contrary  to  other  works  |7| 
spectral  distribution  of  fringes  is  emphasized.  It  is 
evident  that  the  measured  values  may  be  different  in 
different  local  environments  and  it  is  a  function  of  the 
'devices  density'  as  well  as  their  quality.  We  should 
remind  here  that  an  important  role  in  the  EMI  increase 
may  be  played  by  home-born  'inventors'  and  other 
’reformers'.  Fortunately,  as  a  result  of  general 
economical  development  and  availability  of  necessary 
spare  parts,  this  kind  of  problems  is  less  serious  now 
when  compared  to  the  past. 

The  measurements  were  performed  with  the  use  of 
a  spectrum  analyser  equipped  with  a  small  size  wide¬ 
band  active  antenna  working  within  frequency'  range 
100  kHz  -  1 10  MHz.  It's  AF  ~  0  dB. 


REF  -21.8  dS>  AT  18  d8 


START  151  kHz  STOP  1.521  PH; 

Fig.  4  EMI  level  within  LW  and  MW 


Another  factor,  specific  for  TV  receivers,  is  the 
radiation  of  its  local  oscillator  and  other  HF  fringes  that 
include  signals  at  a  receiver's  input  frequency  and  its 
harmonics.  The  former  is  w'cll  illustrated  in  Fig.  5 
(right  fringe  appears  at  a  TV  RCVR  LO  frequency 
while  it  was  tuned  into  channel  7  and  the  left  one  a 
signal  of  a  local  ham  station).  The  latter  were  presented 
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Fig.  5  LO  radiation  from  a  TV  receiver 
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in  |  H  |  on  ihc  ground  of  a  standard  [9]  which  is  a  subject 
of  protests  of  the  IARU.  Apart  from  less  important 
interference  to  ARS  within  420  MHz  band  it  creates 
real  possibility  of  cross-channel  interference  for  other 
TV  receivers,  even  connected  to  a  cable  network.  The 
later  may  be  often  seen  in  the  local  cable  TV. 

4.  CABLE  TV  NETWORKS 

Firstly  the  problem  with  radiation  from  cable 
networks  and  video  recorders  was  mentioned  in  [10], 
That  measurements  were  performed  more  than  ten 
years  ago,  but  they  lose  none  of  their  immediate 
importance  till  now  In  Fig  6  is  compared  signal  from 
a  recorder  (right)  with  that  of  a  local  ham  station  (left). 

REF  -20.0  dB»  AT  10  dB 


ST.PT  137,0  MHz  STOP  040.5  MHz 


Fig  6  Radiation  from  a  tape  recorder 

The  measurements  were  repeated  lately  in  several 
local  environments  in  Wroclaw.  The  measurements 
were  performed  with  the  use  of  a  spectrum  analyzer 
with  a  small  size  antenna  which  AF  =  -  20  dB  and  its 
frequency  response  flatness  was  estimated  at  the  level 
of  about  +  4.5  dB  within  the  measuring  range.  The 
differences  of  EMF  strength  measured  in  different 
places  have  quite  exceeded  possible  errors  due  to  the 
unaccuracy  of  the  set  applied  An  example  of  results  of 
the  measurements  is  shown  in  Fig.  7.  We  would  not 
like  to  comment  these  results.  Instead  we  will  cite  the 
regulation  for  a  local  TV  cable  network  users  [11]:  the 
operator  is  not  responsible  for  the  interference  caused 
by  a  local  TV  station.  It  is  possible  to  confirm  that  the 
network  is  so  'transparent'  to  external  EMI  that  direct 
reception  of  local  TV  is  possible  even  without  an 
antenna.  Fortunately,  the  channels  of  local  TV  are  not 
used  in  the  network.  However,  this  'transparency'  acts 
in  opposite  direction  as  well.  As  a  result  not  only  ARS 
70  cm  band  and  other  radio  and  radar  services  working 
within  the  same  frequency  range  are  jammed  but  also 
direct  reception  of  farther  TV  stations,  in  our  case  these 
arc  Czech  stations  located  near  the  Polish  border,  i.e.: 
on  Mt.  .lasted,  about  130  km  west  of  Wroclaw,  and  Mt. 
Praded  located  about  120  km  south  of  Wroclaw,  is 
interfered. 


REF  -20.0  dB*  0T  10  d0 


STURT  149.2  MHz  STOP  5B3.0  MHz 


Fig. 7  EMI  radiated  by  a  cable  network 

5.  EM  RADIATION  HAZARD 

The  most  typical  effects  of  interference,  caused  by 
ARS,  are  distortions  in  BC  and  TV  reception,  jamming 
of  remote  control  and  protection  systems,  voices  may  be 
heard  in  intercom  installations  and  in  audio  devices  - 
the  latter  are  usually  caused  by  CB-ists.  which 
exceptionally  were  allowed  to  use  AM  |12|.  We  won't 
repeat  here  thousands  of  possibilities  to  interfere  ARS. 
However,  conflicts  with  neighbours  may  be  minimized 
using  known  methods  and  solutions  [1.7.  14|.  especially 
while  a  good  will  between  both  sides  exists.  Much 
worse  problems  arc  created  when  real  or  even 
imaginary  exposure  to  EM  radiation  exceeds  (or  not) 
permitted  levels.  It  was  shown  many  times  that  well 
installed  and  well  working  ham’s  transmitter  docs  not 
create  any  hazard  in  its  proximity,  even  in  the  light  of 
more  restrictive  Eastern  exposure  limits.  Onlv  one 
exception  may  be  mentioned,  i.e.:  while  high  gain 
antennas  are  in  use  |15J.  The  point  is  still  valid, 
however,  circumstances  w'ere  changed.  EM  phobia  has 
come  to  this  country  as  well.  We  may  cite  here  an 
example  with  Polish  LW  station,  where,  after  its 
antenna  collapse,  local  committee  has  stopped  the 
possibility  to  reconstruct  the  station  in  the  same  place. 
The  problem  with  power  line  radiation  was  mentioned 
above.  A  lot  of  people  visit  our  Lab  in  order  to  consult 
their  problems  with  exposure  created  by  mysterious 
devices  installed  by  MI6,  MOSSAD,  KGB  and  other 
secret  services,  by  their  neighbours  to  damage  them  or 
even  by  Martians  1 16].  A  part  of  these  problems 
possibly  could  be  explained  on  the  ground  of 
’hypersensitivity’,  but  not  all  of  them.  It  shows  the 
possibility  of  much  more  emotional  approach  to  them 
as  compared  to  interference.  First  examples  arc  known. 
Several  hams  faced  problems  with  their  neighbours  that 
accuse  them  of  their  health  problems  starling  from 
cancer  throughout  headaches  till  variety  of  mysterious 
illnesses.  It  is  necessary  to  add  that  in  many  eases  the 
doubts  of  the  people  are  groundless  and  resulted  from 
their  persecution  mania  or  similar  reasons.  However,  in 


many  cases  the  EMF  intensity  may  really  exceed 
permitted  levels. 

To  repeat:  with  some  exceptions  no  protection 
limits  are  exceeded  by  a  well  installed  and  well  working 
ham's  antenna  system.  It  may  be  said  that  in  majority 
cases  these  limits  are  exceeded  due  to  the  resonant 
phenomena  and  secondary  radiation  from  accidental 
passive  radiators.  The  problem  of  passive  EMF 
'amplification'  has  already  been  discussed  [17],  In  order 
to  illustrate  the  phenomenon  in  Fig.  8  is  shown 
standing  wave  on  the  power  cord  of  a  hanging  lamp. 
The  measurement  has  permitted  to  identify  the  source 
of  radiation.  Fig.  9  shows  standing  waves  on  a  metal 
hand-rail  in  a  terrace  on  the  highest  floor  of  an 
apartment  house  located  at  distance  of  about  150  m 
from  a  local  FM/TV  transmitting  center. 


Fig .8  EMF  'amplification'  by  the  cable  of  a  lamp 


30  V/m 


Fig.  9  Standing  waves  on  a  hand-rail 


6  FINAL  COMMENTS 

The  ARS,  apart  of  many  professional  services, 
seems  to  be  still  very  important  and  necessary  service 
for  the  society.  Its  usefulness  has  many  times  been 
confirmed  in  the  most  difficult  situations.  The  point 
was  again  fully  confirmed  during  'the  flood  of  the 
millennium’  in  Poland  last  year. 

Because  of  its  location  the  service  is  the  most 
experienced  in  interfered  environments  and  is  the  first 
victim  of  the  interference,  especially  in  inhabited  areas, 
where  the  level  of  the  interference  is  one  of  the  highest. 
In  the  same  time  the  ARS,  as  often  suspected  to  be  a 
source  of  any  possible  troubles,  is  not  allowed  to  install 
its  antennas  (examples  from  USA)  or  the  antennas  are 
used  to  confirm  these  troubles  faced  by  neighbours. 
Paradoxically,  a  higher  installed  and  more  sophistica¬ 
ted  antenna  system  on  one  hand  creates  a  possibility  to 
some  separate  the  service  against  the  environment  and 
they  protect  the  neighbours  against  discussed  problems 
from  the  other  hand. 

We  may  formulate  the  final  conclusion  that  the 
ARS,  contrary  to  the  past  -  while  it  was  the  only  service 
using  transmitters  installed  in  inhabited  areas  and  due 
to  the  'long  wire'  type  antennas  applied  -  could  have 
been  the  main  source  of  the  interference  in  the  areas 
and  presently  may  be  responsible  only  for  very  small 
part  of  the  interference.  It  results  from  the  professional 


equipment  use  and  perfection  in  antennas'  construction. 
As  it  may  be  seen  from  the  presentation  the  biggest  role 
is  plaid  here  by  a  variety  of  devices  and  installations 
applied  in  house  hold  and  it’s  surroundings  now. 
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General:  This  presentation  will  present  the  status  of  the 
work  within  the  International  Amateur  Radio  Union  - 
IARU  -  Region  I  EMC  WG,  and  gives  views  on  the 
development  in  EMC,  both  in  relation  to  technology  and 
standards. 

1.  Introduction 

1 . 1  Radio  amateurs  and  EMC 

As  radio  amateurs  are  heavy  users  of  the  radio  spectrum, 
EMC  problems  has  always  been  a  major  problem. 
Radioamateurs  share  the  domestic  environment  with 
other  users  of  electrical  and  electronic  equipment  and 
the  compatibility  problem  includes  both  immunity  and 
emission  aspects. 

This  has  been  the  case  for  more  than  70  years  giving  the 
radio  amateurs  an  outstanding  experience  with  causes  of 
interference,  the  social  and  physiological  interactions, 
solutions  of  interference  and  the  responses  of  authorities 
and  manufacturers. 

1 .2  EMC  work  within  IARU 

The  members  of  IARU  are  national  amateur  radio 
societies  all  over  the  world.  Most  national  societies  have 
formed  their  own  EMC  group  giving  advice  to  the 
individual  radio  amateur.  Furthermore,  many  societies 
publish  magazines  where  amateur  relevant  technical 
information  including  EMC  relevant  information  is 
presented. 

The  main  task  of  the  IARU  EMC  working  group  is  to 
gather  and  distribute  information  and  to  influence 
legislation  and  standardisation  on  an  international  level. 
IARU  is  a  member  of  CISPR  and  is  active  in  most  EMC 
committees. 

2.  Concerns  in  relation  to  EMC 

EMC  is  a  matter  of  compatibility.  Most  manufacturers 
and  importers  of  electronics  tend  not  to  consider  the 
broad  perspective  of  compatibility  and  customer 


satisfaction,  but  focus  on  fulfilment  of  mandatory 
requirements.  The  European  EMC  Directive  specifies 
mandatory  compliance  with  the  essential  requirements 
expressed  in  broad  terms  as  the  equipment  shall  work 
satisfactorily  in  it’s  environment.  However, 
manufacturers  and  importers  focus  on  compliance  with 
harmonised  standards  which  may  or  may  not  give  the 
desired  compatibility.  Some  standards  include  a 
statement  regarding  mitigation  methods  and 
manufacturers  should  consequently  be  prepared  to 
provide  the  necessary  mitigation  hardware  when 
requested.  If  this  is  not  the  case  then  the  main  objective 
of  compatibility  has  not  been  achieved. 

Anyone  in  doubt  of  how  this  works  in  practice  should 
enter  a  radio-TV  shop  and  ask  for  guidance  on  how  to 
solve  an  EMC  problem  1 

2.1.  Will  manufacturers  fulfil  the  requirements 

Experience  has  shown  that  some  manufacturers  meet  the 
requirements,  but  a  large  number  of  manufacturers  in  the 
Far  East  -  and  the  importers  -  sell  products  which  does 
not  fulfil  the  requirements.  It  is  therefore  essential  that 
the  enforcement  of  the  national  authorities  is  kept  on  a 
high  level.  This  will  secure  fulfilment  of  the 
requirements,  support  the  manufacturers  who  comply 
with  the  legislation  and  strengthen  the  trust  in  European 
regulation. 


2.2.  High  speed  data 

The  development  in  high  speed  data  systems  goes  in  the 
direction  of  use  of  higher  and  higher  data  rates  on 
existing  unshielded  twisted  copper-pairs  originally 
installed  for  analogue  telephones.  The  interference 
potential  of  the  broad-band  signal  covering  several  MHz 
and  the  radiation  properties  of  these  “old”  cables  give 
rise  to  major  concerns  for  users  of  the  radio  spectrum. 
The  present  standards  were  not  developed  with  this  kind 
of  emitters  in  mind.  The  emitted  signals,  the  emitted 
levels  and  the  distance  between  emitter  -  equipment  and 


476 


cable  is  different.  ITE  equipment  and  networks  are  now 
used  in  close  proximity  to  telecommunications 
equipment  incorporating  radio  receivers  and 
transmitters. 

3.  The  electromagnetic  environment 

3.1.  Emission 

Previously,  electric  motors  generated  broad-band  noise 
and  oscillators  generated  narrow  band  noise  on  discrete 
frequencies.  The  space  between  the  narrow  band  signals 
are  now  being  filled  by  “spread  spectrum”  signals  and 
consequently  the  “noise  floor”  rises.  There  are  only 
three  ways  to  manage  this  interference  problem  e.g.:  to 
increase  the  distance  between  source  and  victim, 
increase  the  wanted  radio  signals  by  increasing  the 
transmitter  power  or  keep  the  unwanted  emission  levels 
below  the  appropriate  levels. 

3.2.  Immunity 

The  rapid  increase  in  usage  of  cordless  equipment 
increases  the  emitted  radio  signals  to  levels  up  to  30V/m 
depending  on  type  and  distance.  Most  people  will  expect 
electronic  equipment  to  work  without  annoying 
interference  at  a  distance  of  more  than  1  meter.  Some 
kinds  of  equipment  are  used  in  situations  where 
distances  may  be  smaller  as  e.g.  when  a  user  of  wheel 
chairs  uses  a  mobile  telephone. 

The  average  fields  from  radio  amateur  transmitters  are 
typically  in  the  range  of  1  to  lOV/m  at  the  place  of 
neighbours’  electronic  equipment.  However,  the  levels 
may  be  up  to  1  OOV/m  (peak  value)  under  certain 
conditions. 

The  constraint  on  the  height  and  placements  of  antennas 
and  masts  is  a  major  cause  of  some  of  the  high  field 
strengths. 

4.  Trends  in  technology 

4.1 .  General 

The  change  of  technology  sometimes  changes  the  EMC 
properties  of  equipment.  A  good  example  is  the  GSM 
mobile  telephone  system,  where  the  resulting 
interference  from  the  pulsed  carrier  is  just  as  annoying 
as  any  other  AM  modulated  interference. 

The  use  of  SMD  components  improves  the  immunity  of 
equipment  because  of  their  more  ideal  -  non  parasitic  - 
properties. 

The  larger  integration  reduces  the  sizes  of  PC  boards 
and  the  number  of  boards  which  is  beneficial  with 
respect  to  both  immunity  and  unwanted  emissions. 

The  technology  used  by  radio  amateurs  is  -  from  an 
interference  perspective  -  virtually  unchanged.  The 
receivers  have  become  more  sensitive  and  at  the  same 
time  more  immune  to  overloading  by  large  signals.  The 


latest  technology  in  digital  signal  processing  reduces 
some  of  the  negative  effects  from  other  interfering 
sources. 

The  transmitted  signals  from  radio  amateur  transmitters 
will  still  be  dominated  by  AM-like  signals. 

4.2.  Broadcast  radio  and  TV 

Broadcast  radio  and  television  becomes  more  and  more 
digital  and  the  difference  between  computers  and  other 
kinds  of  video/audio  equipment  will  diminish.  This  may 
improve  the  immunity  of  video  and  audio  equipment, 
but  the  emissions  compared  to  purely  analogue 
equipment  will  increase  both  in  frequency  and  levels. 

4.3.  Digital  technology 

The  clock  speed  in  computers  increases  and  so  is  the 
number  of  peripherals.  The  boxes  and  other  things 
which  have  an  influence  on  the  emission  level  have  not 
changed  significantly  which  this  results  in  an  increase  of 
interference  above  200MHz.  The  number  of  computers 
and  other  kinds  of  equipment  incorporating  high  speed 
CPU’s  is  increasing  in  huge  numbers.  Anyone  carrying  a 
VHF  receiver  moving  through  a  normal  residential  area 
with  small  shops,  petrol  stations,  amusement  centres  etc. 
will  experience  interference  on  almost  any  frequency. 
Lately  police  and  fire-fighters  are  sometimes  without 
secure  radio  communication  because  of  interference 
from  office  machinery. 

5.  Trends  in  standardisation 

5.1.  General 

The  role  and  usage  of  international  standards  increase 
because  of  the  change  of  legislation  towards  a  more 
international  regime,  and  this  has  shifted  the  setting  of 
limits  from  national  authorities  to  a  forum  dominated  by 
manufacturers.  We  fear  that  this  will  result  in  standards 
with  an  inadequate  level  of  protection  offered  to  radio 
services. 

5.2.  Emission 

Emission  limits  are  kept  uniform  for  most  equipment, 
but  there  is  an  increasing  number  of  standards  where 
exceptions  allow  more  or  less  free  unwanted  radiation. 
This  development  should  be  monitored  in  IEC  by  ACEC 
and  in  CETsELEC  by  TC210.  It  is  our  hope,  that  this 
supervisory  function  is  done  properly  and  on  an 
objective  basis. 

5.3.  Immunity 

Immunity  requirements  should  also  be  based  on 
environmental  considerations  where  radio  services  used 
in  the  environment  and  the  typical  configuration  e.g. 
protection  distances  are  taken  into  account. 
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Furthermore,  the  interference  susceptibility  of  the 
receiving  system  should  be  taken  into  account.  At 
present  the  new  digital  radio  services  have  not  been 
evaluated  properly  and  therefore  this  work  should  be 
performed  as  soon  as  possible. 

5.4.  Test  methods 

Measurement  methods  are  simplified  and  unified 
whenever  possible,  but  the  difference  between  direct 
radiation  and  indirect  radiation  from  attached  cables 
should  be  recognized  and  accepted.  Radio  amateurs 
have  many  years  of  experience  on  how  to  cure  emission 
problems,  and  we  have  experienced  that  radiation  from 
cables  and  radiation  from  cabinets  are  two  different 
things  without  real  commonality. 

7.  Future  work  in  IARU 

The  IARU  Region  1  Working  Group  will  continue  to: 

-  monitor  and  participate  in  the  EMC  work 
prepare  technical  information  to  both 
professionals  and  radio  amateurs 

-  support  the  EMC  work  in  national  societies 

-  distribute  technical  information 

give  recommendations  regarding  acceptance 
of  draft  standards 

-  be  a  forum  within  the  radio  amateur 
community  for  EMC  related  discussions 


8.  Conclusions 

8.1  The  radio  amateurs  are  very  concerned  with  regards 
to  protection  of  radio  services.  We  hope  that  the  users  of 
the  radio  spectrum  together  with  national  authorities  and 
manufacturers  will  acknowledge  the  need  for  adequate 
protection  of  radio  services.  We  are  especially 
concerned  with  the  rapid  introduction  of  high  speed 
telecommunication  services  on  existing  unshielded 
cables. 

The  work  of  the  EMC  WG  is  of  great  importance  to  the 
radio  amateurs  because  of  the  international  development 
of  limits  and  regulation.  The  individual  radio  amateur 
can  not  do  this  on  their  own,  nor  can  the  national 
society. 

The  IARU  EMC  WG  shall  continue  to  influence  the 
professional  and  commercial  EMC  work  to  the  benefit 
of  the  radio  amateurs. 

Support  from  all  WG  members  and  national  societies  is 
vital  for  the  success  of  the  work.. 
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A  new  modification  of  a  full,  precise  and  detail 
time-  and  frequency  analysis  of  current  and  voltage 
distribution  along  the  construction  of  antenna  masts 
and  their  arbitrary  chosen  elements  during  the 
lightning  strike  is  described  in  this  paper.  The  received 
results  may  be  used  for  EMC  tests  and  protection 
circuits  design  of  existing  and  modernising  antenna 
masts  under  the  conditions  of  lightning  action. 

1.  INTRODUCTION 

A  proposed  modification  of  the  computer  simulation 
of  the  lightning  current  action  on  antenna  mast  is  based 
on  the  studying  of  a  spectrum  of  the  lightning  current 
pulse  and  on  the  lull  analysis  of  some  frequency 
characteristics  of  the  different  parts  of  the  mast 
regarding  the  influence  of  the  mutual  coupling  and  the 
second  radiation  of  the  construction.  These  are:  the 
cross-admittance  and  the  current  transmittance  from 
the  lightning  strike  point  to  an  arbitrary  given  element 
of  the  construction;  the  distribution  of  these 
characteristics  and  current-voltage  spectrum  along  the 
chosen  element  of  the  mast.  Resonant  properties  of  the 
above  characteristics  are  discussed.  The  Discrete 
Fourier  Transform  is  used  to  obtain  the  current  and 
voltage  distribution  in  the  time  domain. 

2.  TIME  AND  SPECTRAL  CHARACTERISTICS 
OF  LIGHTNING  CURRENT  PULSE 

There  are  different  mathematical  models  of  the 
lightning  electromagnetic  pulse  [1-3,5],  The  often  used 
double-exponential  model  (DEXP)  of  the  lightning 
current  pulse  is  taken  under  considerations: 

il{t)  =  Imk(e-a'-e-fil)  =  Imki{t)  (1) 

where  Im  -  the  pulse  maximum,  a  and  ft  -  pulse  para¬ 
meters,  k  -  scaling  coefficient : 

k  =  \/i(t0),  ta  =  In  (J51  a)  l(f-a),  (2) 

t0  -  time  of  maximum  (Fig.  1).  It  is  known  that  f  factor 


determines  basically  a  pulse  front-time,  and  a  factor  - 
a  half-delay  time  of  the  lightning  current  pulse;  in  this 
case  a«p.  In  this  paper,  it  is  accepted  a  standard  EEC 
lightning  current  pulse  model  with  the  maximum  value 
7m=100kA,  the  front-time  1.2ps  and  the  half-delay  time 
50fis  for  which:  a  =1.466*  104  s\  /?=2.469*106  s', 
*  =1.0373,  /O=2.089ps  (Fig.  1)  [1,3], 


i  i  (t),  kA  Waveform  lOOkA,  1.2/50  p* 


time,  ps 


Fig.  1.  Lightning  current  pulse 

The  spectral  characteristics  Iught(j(o )  of  the  light¬ 
ning  current  pulse  (1)  for  the  above-mentioned  parame¬ 
ter  values  obtained  by  the  Fourier  Transform  are  shown 
in  Fig.  2.  It  is  significant  that  the  spectrum  modulus  has 
a  monotone  form,  but  the  phase  has  a  wave  type. 

For  the  precise  computer  simulation  it  is  important 
to  formulate  a  criterion  of  the  reconstruction  quality  of 
the  time  domain  characteristics  from  the  pulse 
spectrum  samples.  A  process  of  synthesis  of  the  wave¬ 
form  i,  (/),  using  the  Discrete  Fourier  Transform  (DFT) 
was  analyzed.  In  particular,  it  was  determined  that  the 
frequency  step  must  be  ~2kHz  and  the  maximum 
frequency  of  a  spectrum  -1MHz  for  a  level  ~60-70dB 
from  the  value  Iught(! 0)  ( the  synthesis  error  -1-2%). 

The  influence  of  a  and  /?  factors  on  the  width  and 
the  form  of  the  spectrum  was  analyzed.  In  particular, 
there  was  determined  that  the  width  of  the  lightning 
current  pulse  spectrum  depends  almost  not  at  all  on 
value  of  the  front-time  of  the  current  pulse. 
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3.  A  METHOD  OF  COMPUTER  SIMULATION 

The  computer  simulation  of  the  action  of  the  light¬ 
ning  current  pulse  on  the  antenna  tower  is  based  on  the 
analysis  and  modification  of  some  frequency  characte¬ 
ristics  of  the  different  parts  of  the  mast  construction. 
A  some  another  approach  to  this  task  is  described  in[6]. 
The  considered  antenna  mast  consists  of  the  tower  and 
of  six  guys  in  two  levels  (Fig.3).  It  is  used  a  simplified 
model  of  the  lightning  strike  as  an  apex  drive  by  an 
ideal  IV  frequency  independent  voltage  generator 
connected  between  the  top  of  the  mast  and  an 
additional  short  monopole.  Then  the  distribution  of 
currents  along  the  mast  and  guys  is  calculated  in  the 
frequency  domain  basing  on  the  mixed-potential 
equations  combined  with  the  method  of  moments  for 
the  polynomial  approximation  of  the  current  [4], 


Fig.3.  Guyed  antenna  mast  (two  levels  of  guys) 

Here  follows  the  algorithm  of  computer  simulation: 

•  calculation  of  the  input  immittance  and  the  cross¬ 
admittance  from  the  top  of  mast  to  an  arbitrary  given 
element  (segment)  of  the  construction,  for  drive  of  IV; 
these  are  numerically  equal  to  the  input  current 
I,npv(jco)  and  the  current  distribution  /,  v  (/&>)  along  the 
segments; 

•  determination  of  the  current  transmittances  of  the 
different  segments  of  the  mast: 

Ts O'®)  =  Lv  0®)  /  4pv  O'®) ;  (3) 


these  are  equal  to  the  current  distribution  along  the 
segments  for  the  driving  by  the  1A  frequency  indepen¬ 
dent  current  source  on  the  top  of  the  mast; 

•  calculation  of  the  spectrum  of  the  segment’s  current 
for  given  spectrum  of  the  lightning  current  pulse 
I light  (j to)  (Fig.  2): 

L  C M )  =  Tm  {jco)  X  lligh,  C jco ) ;  (4) 

•  determination  of  the  voltage  spectrum  distribution 
along  the  segment: 

UXjco)  =  Is  O'®)  x  jo>L ,  (5) 

where  L  -  a  lumped  inductance  of  the  short  (lower)  part 
of  the  segment; 

•  use  of  DFT  to  obtain  the  current  /  s  (t)  and  voltage 
u  s  (t)  segment  distribution  in  the  time  domain. 

All  of  the  above-mentioned  frequency  characteris¬ 
tics  depend  on  the  position  of  the  observation  point 
along  the  analysed  segment  and  they  have  an 
information  about  resonant  or  aperiodic  properties  of 
the  different  elements  of  the  antenna  mast. 

The  influence  of  radiation  of  the  construction  and 
the  mutual  coupling  between  metal  parts  is  taken  into 
account  automatically  during  formulation  of  the 
integral  equations. 

The  analysis  of  the  influence  of  distribute  power 
losses  in  metal  parts  may  be  included  into  the 
algorithm.  There  may  be  also  modeled  relatively  small 
details  of  the  construction  as  equivalent  lumped 
reactive  or  complex  elements. 

4.  FREQUENCY  CHARACTERISTICS  OF  THE 
ANTENNA  MAST 

Consider  the  mast  consisting  of  the  tower  and  of 
two  levels  of  guys  (Fig.3).  In  the  example  below  the 
height  of  the  mast  is  100m,  all  the  angles  between  the 
guys  and  the  ground  are  45°,  the  angles  between  the 
guys  are  120°.  The  perfect  ground  is  assumed. 

The  analysis  of  the  cross-admittance  and  the  current 
transmittance  as  the  3D  functions  of  frequency  and  of 
height  above  ground  was  performed  during  computa¬ 
tions.  The  results  of  the  analysis  are  shown  in  Fig.  4-7. 
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Fig.8.  Distribution  of  the  modulus  (a)  and  phase  ( b )  of  the  voltage  spectrum  near  the  bottom  of  the  tower 


There  was  also  analysed  the  distribution  of  the 
voltage  spectrum  near  the  bottom  of  the  tower  (Fig.  8). 

These  3D  figures  comfortably  show  a  dependence  of 
the  currents  or  the  voltages  from  the  frequency  for  the 
given  point  of  the  construction  as  its  dependence  from 
height  above  ground  for  chosen  frequency.  The  resonant 
character  of  the  structure  is  expressed  in  these  figures. 

The  analysis  of  the  spectral  characteristics  is  very 
advantageous  because  it  leads  to  the  formulation  of  the 
criterion  of  how  wide  range  of  the  spectrum  should  be 
taken  into  account  during  return  to  the  time  domain. 
From  many  numerical  experiments  it  follows  that  at 
least  first  resonance  should  be  included  for  objects  as 
large  as  antenna  towers.  For  the  example  presented  in 
this  work  the  spectrum  range  of  1  MHz  was  analysed. 


Including  next  resonances  gives  small  changes  to 
the  results  shown  in  Fig.  9  because  of  relatively  small 
amount  of  lightning  energy  above  1  MHz  (see  Fig. 2). 

5.  TIME  DOMAIN  CURRENT  AND  VOLTAGE 
CHARACTERISTICS 

The  results  of  computations  of  the  current  and 
voltage  3D  distribution  along  the  elements  of  the 
construction  are  presented  in  Fig.  9.  It  is  shown  that  the 
current  intensity  decreases  while  going  down  from  top 
to  the  bottom  of  the  mast.  The  discontinuous  current 
changes  (see  Fig.  9a  and  9c)  are  because  of  the  division 
of  the  current  between  the  tower  and  the  guys  due  to  the 
Kirchhoffs  law. 


Fig.  9.  Distribution  of  the  lightning  current  along  the  tower  (a),  the  long  guy  (b)  and  short  guy  (c)  (in  the  background 
of  (a)  and  (c)  the  lightning  current  and  the  current  in  the  middle  of  the  tower  is  shown,  respectively). 

Voltage  distribution  near  the  bottom  of  the  tower  ( d) 
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The  continuous  current  decreasing  while  going 
down  the  mast  may  be  explained  by  the  electromagnetic 
radiation,  as  well  as  damping  of  the  oscillations  in  the 
function  of  time.  The  oscillations  are  growing  while 
going  down  the  construction  due  to  the  changes  of  the 
current  transmittance. 

The  period  of  the  oscillations  is  adequate  to  the 
dimensions  of  the  structure.  The  changes  of  the  current 
along  the  long  guy  are  much  more  significant  than 
along  the  short  one  because  the  short  guys  are 
‘encapsulated’  by  the  construction. 

The  voltage  between  the  ground  and  the  chosen 
point  of  the  tower  grows  to  some  hundreds  of  kilovolts 
vs.  the  height  above  ground.  The  computations  of  the 
voltage  changes  higher  than  several  meters  above 
ground  may  not  have  any  sense  because  of  the  lumped 
inductance  used  in  the  model  of  the  electric  circuit. 

6.  CONCLUSIONS 

The  paper  presents  a  new  modification  of  a  full  and 
detail  time-  and  frequency  analysis  of  current  and 
voltage  distribution  along  the  construction  of  antenna 
masts  and  its  arbitrary  chosen  segments  during  the 
lightning  strike.  The  method  of  computations  is  based 
on  the  studying  of  the  spectrum  of  the  lightning  current 
pulse  and  the  full  analysis  of  frequency  characteristics 
of  the  different  parts  of  the  mast  with  due  regard  for  the 
influence  of  the  mutual  coupling  between  the  elements 
and  the  second  radiation  of  the  construction. 

The  example  of  computations  of  the  simplified 
model  of  antenna  mast  is  given.  From  the  included 
quasi-3D  figures  in  the  frequency  and  time  domains  it 
is  seen  that  the  electrical  properties  of  the  segments  of 
the  mast  vary  in  the  function  of  height  above  ground. 
The  resonant  character  of  the  mast  is  much  more 
significant  near  the  bottom  than  near  the  top. 

The  full  analysis  in  the  frequency  domain  is  very 
important  before  proceeding  the  inverse  Fourier 
transform.  It  helps  to  make  the  proper  choice  of  the 
width  of  the  spectrum  and  the  step  of  computations  in 
the  time  domain.  At  least  first  resonance  of  the 
structure  should  be  included  during  numerical  analysis. 

The  considered  spectrum  range  depends  on  the 
pulse  current  parameters  and  on  the  dimensions  of  the 
mast.  The  proposed  algorithm  may  be  generalised  to 
any  lightning  current  waveform  and  any  construction. 
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The  occurrence  rate  of  Electrostatic  Discharges  (ESD) 
depends  extremely  on  the  environment.  Several 
parameters  influence  ESD  and  the  severity  of  this 
interference.  A  special  measurement  system  to  measure 
the  transient  fields  of  ESD  was  designed.  Measurements 
were  done  in  different  environments.  A  theoretical 
model  was  developed,  helping  to  predict  and  to  evaluate 
the  severity  level  of  an  environment  towards  ESD. 

1.  INTRODUCTION 

Electrostatic  Discharges  (ESD)  can  cause  temporary 
disturbances  or  even  lasting  destruction  of  electronic 
devices.  The  critical  components  of  an  ESD-event  are 
both  the  current  and  the  always  associated  transient  E- 
and  H-Field.  The  short  rise  times  of  the  ESD-current 
can  cause  strong,  steep-rising  fields  even  at  larger 
distances  from  the  discharge  location. 

Due  to  the  stochastic  nature  of  ESD  it  is  very  difficult  to 
determine  the  currents  and  the  fields  of  ESD  occurring 
under  practice  conditions.  Many  parameters  influence 
the  occurrence  rate  and  the  intensity  of  real  ESD. 

The  direct  environment  of  a  device  and  the  activities 
which  happen  in  the  environment  determine  the  ESD 
threat.  Each  environment  has  its  own  average  hazard 
potential.  In  the  test  standard  IEC  1000-4-2  there  are 
little  considerations  concerning  the  environment 
dependency  of  the  ESD  thread:  It  is  however  desirable 
to  improve  the  ability  to  differentiate  better  the  actually 
possible  extent  of  the  environmental  hazard  potential.  If 
it  is  sure,  that  a  certain  threshold  of  a  disturbance 
variable  does  not  or  only  occur  with  infinitesimal 
probability,  in  certain  cases  the  protection  level  can  be 
reduced.  However,  only  with  knowledge  of  the 
occurrence  rates  and  the  intensities  a  decision  can  be 
made. 

In  reality  ESD  pulses  can  have  a  higher  disturbance 
intensity  than  even  the  strongest  pulses,  which  are 
prescribed  with  a  test  to  meet  the  IEC  1000-4-2 


standard.  In  the  standard  a  negligible  occurrence 
frequency  of  these  strong  disturbances  is  assumed.  This 
is  hardly  provable  so  far. 

Apart  from  study  [1]  published  at  the  beginning  of  the 
80's,  there  is  no  detailed  information  about  ESD  in 
practice  so  far.  The  mentioned  study  examined  only  two 
different  environments  and  did  not  consider  the  fields  of 
ESD.  Due  to  the  small  number  of  examined 
environments  and  the  disregard  of  the  ESD  field  effects, 
the  results  of  this  investigation  are  incomplete  and 
cannot  be  generalized. 

In  order  to  increase  the  knowledge  base  concerning  the 
occurrence  rate  and  the  intensity  of  ESD  events  that 
really  occurs  in  practice,  long-term  measurements  of  the 
transient  fields  at  three  different  places  were  made  by 
means  of  a  new  developed,  complex  measurement 
system  [2].  The  large  variation  of  ESD  and  the  necessity 
for  further  tools  to  determine  the  occurrence  of  ESD 
under  practice  conditions  was  confirmed. 

A  universal  stochastic  model  of  ESD  can  be  helpful.  It 
has  to  consider  the  substantial  parameters  of  ESD,  and  it 
should  be  able  to  characterize  ESD  with  a  few,  simple 
measurements  and  general  considerations  of  the 
environment. 

With  the  help  of  a  stochastic  model  it  would  be  possible 
with  little  effort  to  receive  the  ESD  hazard  potential  that 
is  possible  in  an  environment.  The  stochastic  model 
helps  to  determine  suitable  test  procedures  and  also  to 
select  the  really  necessary  protection  measures. 

A  stochastic  model  for  the  occurrence  rate  of  ESD 
considering  the  intensity  distribution  is  presented  here. 

2.  EXPERIMENTAL  METHOD 

The  developed  and  applied  measurement  system 
consists  of  a  specially  designed  circuit  for  the  evaluation 
of  fast  transient  pulses.  The  measurement  system  is 


487 


equipped  with  several  field  sensors.  It  is  optimized  for 
ESD  long  term  measurements.  The  E-  and  H-fields  are 
measured  separately.  This  system  automatically 
registers  the  amplitude  of  impulsive  fields  within  the 
range  of  20  V/m  up  to  1000  V/m  or  0.05  A/m  up  to  2.7 
A/m.  The  pulse  width  can  thereby  be  smaller  than  1  ns. 
Apart  from  the  pulse  amplitudes  the  system  records 
important  frequency  components,  environmental 
conditions  (temperature,  relative  humidity)  and  time. 
The  maximum  repetition  rate  is  higher  than  25  kHz.  A 
detailed  description  of  the  developed  measurement 
system  can  be  found  in  [2]. 


Field  Sensors 


Fig.  1 :  Capacitive  sensor  connected  to  the  power  line  for 
burst  detection 

The  often  occurring  burst  fields  (switching  actions 
propagated  by  the  power  lines)  can  be  mistaken  for  ESD 
events.  For  this  reason  a  differential  measurement 
method  was  implemented.  Burst  pulses  were  detected 
by  a  capacitive  sensor  placed  on  the  power  line  of  the 
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measurement  system.  If  this  burst  sensor  measures  a 
pulse  at  the  same  time  with  the  field  sensors  and  a 
certain  relation  between  the  signals  is  exceeded,  the 
measurement  system  rejects  this  event.  With  this 
method,  the  measurement  of  ESD  by  the  observation  of 
the  transient  fields  is  possible. 

The  measurements  presented  here  were  done  without 
this  burst  sensor.  The  criterion  for  Burst  rejection  was 
the  level  of  the  pulses. 

3.  EXPERIMENTAL  RESULTS 

By  means  of  three  identical  measurement  systems  at 
three  different  measuring  locations  long-term 
measurements  of  the  impulsive  fields  were  done.  One 
location,  the  university  library  of  the  Technical 
University  Berlin,  was  selected  due  to  ESD  promoting 
conditions  there.  ESD  occur  there  very  often.  The 
device  was  placed  in  an  arbitrarily  chosen  book  shelf. 
The  second  measuring  location  was  under  a 
workstation,  on  the  floor  in  a  student  electronics 
laboratory.  The  students  there  work  with  a  lot  of  ESD- 
sensitive  electronic  components.  The  system  was 
located  in  the  middle  of  the  room.  The  third  location 
was  a  computer  room  equipped  with  8  PCs.  Here  the 
device  was  placed  in  the  middle  of  the  room  on  the 
floor.  The  relative  humidity  during  the  entire  measuring 
period  ranged  between  30%  and  40%,  the  temperature 
was  nearly  constant  with  approx.  20°C. 
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Fig.  2:  Frequency  and  intensity  of  impulsive  field  events 
in  three  different  environments 

a)  Library;  duration  of  measurement  20  days;  1 8620 
events; 

b)  Computer  room;  duration  of  measurement  14  days, 
2488  events 

c)  Electronics  laboratory,  duration  of  measurement  9 
days,  1 1 62  events 


488 


Histograms  of  the  results  of  the  measurements  can  be 
found  in  figure  2.  The  histograms  show  the  relative 
frequency  of  the  field  pulses  as  a  function  of  the 
amplitude.  As  expected  in  all  three  cases  the  weak  field 
pulses  occurred  substantially  more  frequently  than  the 
stronger  pulses. 

Among  the  many  impulsive  events,  which  were 
recorded  by  the  system,  also  many  Burst  (switching) 
actions  can  be  found.  Even  though  the  ESD  fields  often 
differ  from  the  fields  generated  by  switching  actions 
(frequency  spectrum,  repeating  rate),  nevertheless  in 
practice  it  is  very  complex  to  execute  this 
differentiation.  The  limited  dynamic  range  of  the  used 
measurement  setup  and  interference  with  the 
environment  cause  problems.  With  larger  field  strengths 
the  necessary  dynamic  becomes  available.  In  normal 
environments  in  larger  distances  large  field  strengths 
can  be  produced  only  by  ESD.  A  minimum  distance  of 
1  m  was  ensured  between  the  measuring  instruments 
and  other  electrical  equipment.  From  investigations  it 
could  be  determined  that  the  switching  actions 
occurring  in  the  environments  cause  field  strengths  of 
less  than  250  V/m  or  250/Z0  A/m.  With  the  described 
differential  measurements  or  an  evaluation  of  the  data 
with  neural  networks,  a  better  distinction  would  be 
possible 

In  the  examined  library  an  ESD  promoting  carpet  is 
laid.  A  high  activity  of  students  and  staff  further 
promotes  the  frequent  occurring  of  ESD.  Here  an 
average  number  of  931  pulses  per  day  was  measured.  In 
the  computer  room  and  the  electronics  laboratory  an 
older  linoleum  floor  is  laid.  This  floor  does  not 
particularly  promote  ESD.  Also  less  activities 
generating  triboelectricity  can  be  found  there.  Only  178 
(computer  room)  or  129  (electronics  work  space) 
impulsive  events  per  day  could  be  measured  in  average. 
A  lot  of  the  pulses  are  generated  by  switching  actions. 


Site 

Number  of 
pulses/day 

Number  of 

pulses 

>500 

V/m/day 

Number  of 
pulse 
>500/377 
A/m/dav 

notes 

library 

931 

19 

28 

-many 

activities 

-flooring 

computer 

room 

178 

0,9 

0,4 

-less 

discharge 

locations 

electronic 

laboratory 

129 

0,7 

0,8 

-less  critical 
activities 

Table  1 :  Comparison  of  the  average  number  of  strong 
field  pulses  in  the  different  sites 


The  higher  frequency  of  large  H-field  amplitudes 
measured  in  the  library  compared  to  the  frequency  of  E- 
field  amplitudes  can  be  explained  by  the  fact  that  most 


of  the  strong  discharges  were  probably  caused  by  a 
discharge  in  a  door  handle  located  in  a  distance  of 
approximately  2  m  from  the  measurement  instrument. 
The  E-field  probe  was  shielded  in  this  direction  by  a 
metal  book  shelf. 


In  table  1  the  environments  are  compared.  In  the 
university  library  an  average  number  of  19  to  28  ESD 
serious  events  per  day  occur,  which  cause  a  field 
strength  of  more  than  500  V/m  or  500/377  A/m  at  a 
quite  arbitrarily  selected  measuring  point.  In  the  other 
environments  less  than  1  serious  ESD  event  could  be 
measured  in  average  per  day.  The  ESD  promoting 
conditions  in  the  library  like  the  floor  and  the  activities 
caused  such  big  differences. 


Fig.3:  Dependency  of  ESD  from  the  ‘environment’ 


3.  A  STOCHASTIC  MODEL  OF  THE  OCCURRENCE 
OF  ESD 

The  actually  interesting  parameters  of  ESD  are  the 
currents  and  the  fields,  but  the  always  preceding 
charging  process  can  be  characterized  by  the  generated 
charging  voltage.  To  describe  the  severity  of  an  ESD, 
the  charging  voltage  is  however  an  unsuitable  quantity. 
For  the  same  charging  voltage,  e.g.  the  amplitudes  of 
the  currents  can  vary  to  up  to  three  orders  of  magnitude. 
The  current  derivatives,  the  amplitudes  and  the 
derivatives  of  the  fields  can  vary  even  up  to  three  orders 
of  magnitude  [3]. 


distance  walked  before  discharge 


walking  speed 


floorin 


delay  between  walking  and  the  discharge  I  t 


rel.  humidi 


temperature 


charge  voltage 


kind  of  discharge 


speed  ofapproach 


11  properties  of  the  discharge  location 


12  discharge  current 


distance 


orientation 


environment 


16  E-field  (far  field) 


17  H-field  (far  field) 


Example 

Possible  Probability  Density 

Function 

0-20  m 

Exponential  Distribution 

0-1  m/s 

Normal  Distribution 

10-90% 


0-35°C 


0-20  kV 


finger, 
metal  piece 


Normal  Distribution 


Normal  Distribution 


Exponential  Distribution 


0-3m 


0-90° 


reflection 


Exponential  Distribution 


Normal  Distribution 


Exponential  Distribution 

i,d,<C,C 

Exponential  Distribution 

i,d,4>,C 

Table  2:  Parameter  influencing  the  occurrence  rate  and  the  intensity  of  ESD  (assumption:  electrification  by  walking) 


With  some  additional  assumptions  statements 
concerning  the  severity  level  of  ESD  can  be  derived 
from  the  charging  voltage  distribution. 

ESD  depends  on  many  parameters.  The  table  prepared 
by  Ryser  [4]  was  extended  in  table  2  with  further 
important  parameters.  In  figure  3  the  dependencies  are 
presented  graphically.  It  must  be  kept  in  mind  that  it  is 
impossible  to  consider  all  influencing  parameters.  Only 
the  most  important  ones  are  specified  here. 

The  generation  of  charge  and  the  charging  voltage 
mainly  depend  on  the  parameters  specified  in  table  1, 
line  1-7.  The  exact  functional  dependencies  between  the 
parameters  and  the  value  of  the  charging  voltage  can 
hardly  be  determined  by  analytical  calculation,  since  the 
conditions  are  too  complex.  However  based  on 
measurements  the  necessary  dependencies  can  be 
determined.  By  measurements  a  table  can  be  made  with 
the  approximate  charging  voltage  as  a  function  of  the 
individual  parameters.  A  function: 

U0  —f  (s,v  l,F,S  ,h,t) 

can  be  generated  from  this  table,  which  determines  U0. 

The  occurrence  of  each  single  parameter,  specified  in 
table  2,  is  determined  by  the  respective  probability 
density  distribution  for  each  environment. 


4.1  Calculation  of  die  resulting  probability 
function  from  the  individual  probability 
functions 

If  the  probability  density  functions  f(xj  of  the 
individual  parameters  are  known,  the  total  probability 
function  can  be  determined  by  simple  multiplication  of 
the  functions  (1),  due  to  the  stochastic  independence  of 
the  individual  ESD  influencing  parameter: 

f(x},x2,...,xn)  =  Y[f(xi)  (1) 

1=1 

An  area  of  the  n-dimensional  density  function  may 
represent,  e.g.  the  probability  of  a  certain  current 
amplitude. 

In  many  cases  the  distribution  function  is  of  special 
interest,  i.e.  the  function,  which  determines  the 
probability  that  a  disturbance  quantity  g(xI,...,x„)  is 
bigger  than  a  certain  threshold  g0.  If  a  constant 
distribution  of  the  densities  is  assumed,  the  distribution 
function  can  be  determined  (2): 

F(ga)  =  P(g>g0)  = 

jj  ...  (xl,x2,...,xn)dxldx2..dx„  (2) 
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5.  DISCUSSION 

The  measured  distributions  in  figure  1  can  be 
approximated  by  an  exponentially  dropping  function. 
This  correspond  with  the  assumption  that  the  different 
charging  voltages  occur  with  an  exponential  distribution 
(acceptance:  the  walking  distances  are  exponentially 
distributed  and  on  the  average  are  the  charging  voltage 
is  a  function  of  the  distance).  This  dependency  was 
already  determined  empirically  in  [1].  It  is  also  obvious 
that  ESD  events  far  away  from  the  measuring  point 
appear  more  often  than  ESD  events  close  to  the 
measurement  system  (uniform  distribution  of  the 
discharge  locations  assumed).  This  is  just  determined  by 
the  available  space.  Even  if  an  exponential  distribution 
is  assumed  here,  the  resulting  function  is  again  an 
exponential  distribution. 

The  measured  dependency  can  thus  be  explained  by 
theoretical  considerations.  Considering  ESD  as  a 
complex  stochastic  process  it  is  possible  to  determine 
the  intensity  and  frequency  of  the  ESD  in  an 
environment  with  a  few  measurements  and 
observations.  A  necessary  prerequisite  is  the  knowledge 
of  the  individual  dependencies. 

Even  if  the  accuracy  of  such  an  estimation  will  not  be 
very  well  in  many  cases,  this  will  cause  less  problems. 
The  variations  that  occur  with  almost  all  measurements 
concerning  ESD,  they  do  not  influence  a  stochastic 
model.  As  long  as  the  kind  of  distribution,  the  expected 
value  and  the  variance  correspond,  the  result  does  not 
change  or  it  changes  only  insignificantly.  This 
agreement  can  be  achieved  with  some  measurements 
and  basic  considerations. 

6.  CONCLUSION 

At  selected  locations  measurements  of  the  transient 
fields  were  done.  A  stochastic  model  for  ESD  was 
presented.  With  some  measurements  and  basic 
considerations  the  average  intensity  and  frequency  of 
ESD  can  be  determined. 

A  lot  of  the  data,  which  is  necessary  for  the  modeling  of 
ESD  as  a  stochastic  process,  does  unfortunately  not  yet 
exist.  This  will  be  an  important  aspect  of  our  future 
work.  Further  a  simulator  program,  which  describes  an 
environment  concerning  its  ESD  behavior,  will  be 
developed. 
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Abstract  -  Numerical  study  of  aperture  penetration 
of  transient  fields  related  with  indirect  Electrostatic 
Discharge  (ESD)  is  presented.  Computer  simulation 
of  ESD  from  spheroid  is  performed  to  model  human 
hand  discharge.  Computed  ESD  fields  are  in  a  good 
agreement  with  experimental  data.  Such  realistic 
fields  are  used  as  incident  fields  to  investigate  two- 
dimensional  cavities.  Time  domain  analysis  of 
shielding  effectiveness  of  rectangular  cavity  with 
aperture  is  done  using  FDTD  method. 

1.  INTRODUCTION 

Usually  the  metallic  shields  are  used  to 
prevent  equipment,  sensitive  electronic  parts  and 
systems  of  which  can  be  disturbed  or  even  destroyed 
by  transient  EM  fields.  The  propagation  of  energy 
inside  the  enclosures  occurs  principally  via 
transmission  lines,  transmission  line-like  structures 
and  different  kind  of  apertures,  realized  for  cooling 
purposes  and  cable  connections. 

This  paper  presents  numerical  study  of  the 
coupling  of  transient  fields  radiated  during  ESD  into 
the  metallic  enclosure  with  aperture.  Computer 
simulation  of  ESD  is  done  using  an  electrodynamic 
method  based  on  the  Method  of  Moments  in  time 
domain  for  the  discharging  bodies  of  revolution, 
located  near  the  grounded  plane  [1-4].  For  the 
discharging  structure  like  spheroid,  that  models 
human/hand  related  ESD,  calculated  arc  currents  and 
fields  were  compared  with  experimental  data  and 
showed  sufficient  for  EMC  applications  accuracy  of 
the  developed  technique  [1-4].  Such  realistic  fields 
are  used  as  incident  fields  to  investigate  aperture 
penetration  into  two-dimensional  cavities.  Time 
domain  analysis  of  shielding  effectiveness  of 
rectangular  cavity  with  aperture  is  done  using 
FDTD  method. 


2.  MATHEMATICAL  MODEL  OF  ESD 


In  this  Section  we  describe  briefly  the 
mathematical  model  of  ESD. 

In  the  moment  before  discharge  the  static 
charge  distribution  pstat(r)  is  known  on  all  metallic 
surfaces.  During  the  discharge  this  distribution  will 
be  disturbed.  Let  us  denote  this  disturbed  part  of 
charge  by  Ptrans(r, t) .  The  whole  charge  density  in 
any  point  on  the  surface  of  the  body  or  on  the  plane 
is  p(r,t)  =  pstat(r)  +  ptrans(r,t) .  The  current  density 

J(r,t)  deals  with  transient  part  of  charge  density.  So 
the  transient  problem  can  be  stated  as  the  problem  of 
defining  the  surface  current  densities  J(r,t)  and 
arc-current  density  J  t).  By  these  quantities  all 
charges  and  fields  can  be  calculated.  Mathematical 
model  for  J(r,t)  and  Jarc(?,t)  can  be  formulated  as 
follows. 


1. 


2. 


On  the  perfectly  conducting  surfaces  J(r,t) 
satisfies  Integral  Equation  for  Magnetic  Field 
(IEMF): 


J(?,t)  =  2n  x  Harc(f,t)  +  —  nx 
2n 


J(r',T)  1  8- 


/nr 


c  dx 


R 


0) 


+  -  —  J(f',TD  X— -ds,  reS 


R 


In  each  point  of  the  arc  the  current  density 
satisfies  Ohm’s  differential  law: 


J  arc  C r, t)  =  o(  r ,  t)  •  ( Estat  (r )  +  E“  s  (  r ,  t)  + 

Es^s(f,t)},  reV« 

3.  Initial  values  are  written  as  follows: 


492 


J(r,t)  =  0; 


Vr,  t  <  0: 


-  Jarc(r>t)  =  °; 

Ptrans(^’t)  —  0. 


(3) 


Let  us  consider  terms  of  these  expressions.  In  the 
equation  (1)  H^fr.t)  is  magnetic  field  obtained  on 
the  metallic  surface.  This  field  is  radiated  by  arc- 
current.  S  is  the  area  of  surface  of  the  body  and  of 
it’s  image,  r  is  the  point  of  observation,  r'  is  the 
point  of  integration,  r  is  the  delay  time: 

r  =  t  -  R/c  ;  R  =  |r|  ,  and  R  =  r  -  r ' .  c  is  the  speed 

of  light,  n  is  the  outer  normal  of  the  surface.  In 
equation  (2)  Es[at(r)  is  electrostatic  field  produced 
by  static  charge  distribution  before  discharge.  This 
field  initiates  the  spark.  E^ns(r,t)  and  E^s(r,t) 
are  transient  electric  fields,  radiated  by  the  arc  and 
the  surface  and  their  mirrors. 

Arc  conductivity  o(r,t)  in  equation  (2)  is  the 
function  of  electric  field  in  the  channel.  In  this  work 
this  conductivity  is  calculated  by  empiric  model  of 
Rompe  and  Weizel.  According  this  model  arc 
resistance  is  function  of  time  [6]: 


where  R(t)  is  arc  resistance  ([Ohm]),  2h  is  length  of 
arc  and  it’s  image  ([m]),  Iarc(t)  is  arc  current  ([A]), 
aR  is  empyric  constant  ([m2/V2sec]),  t  is  time 
([sec]). 

The  equation  (1)  coupled  with  nonlinear 
equation  (2)  is  solved  by  time  domain  Method  of 
Moments.  Algorithm  allows  the  calculation  of 
transient  fields  and  simulation  of  whole 
electrodynamical  process  of  discharge.  The  results 
are  compared  with  measurements  and  show  good 
agreement  [2-4], 


3.  FIELDS  RADIATED  BY  ESD 

The  question  how  the  discharging  body 
radiates  into  the  space  is  of  great  importance  because 
the  answer  gives  hints  about  the  region  where 
sensitive  apparatus  might  be  disturbed. 

In  the  Fig.  1  the  geometry  of  discharging 
structure  is  shown.  Metallic  spheroid  of  semi-axes 
a=3 1  cm  and  b=5  cm  is  chosen  in  order  to  model 
human  hand  discharge. 


tZ 


Fig.  2  shows  radiated  electric  fields  for  two 
different  cases:  a)  V=5  kV,  h=0.6  mm;  b)  V=T0  kV, 
h=1.2  mm.  Observation  point  is  located  on  the 
grounded  plane.  The  distance  to  the  point  of 
observation  from  the  location  of  arc  is  I  m. 


a) 


b) 


Fig.2.  E-field  radiated  by  ESD  from  spheroid  0.31m 
and  0.05m  semi-axes:  a)  V=5  kV,  h=0.6mm; 
a)  V=10  kV,  h=0.6mm. 

Fig.  3  shows  maximums  of  radiated  electric 
fields  for  different  arc  lengths  and  different  voltages 
of  spheroid.  Observation  point  is  located  on  the 
plane  in  1  m  from  the  arc.  One  can  observe 
monotonic  drop  of  maximums  of  fields  as  arc  length 
is  increasing  while  the  voltage  is  fixed. 
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arc-length  [mm] 


Fig.  3.  Maximums  of  electric  fields,  radiated  during 

ESD  from  spheroid. 

Electric  fields  calculated  in  this  section  are 
then  considered  as  incident  fields  for  metallic 
enclosure  with  aperture. 

4.  TIME  DOMAIN  ANALYSIS  OF  SHIELDING 
EFFECTIVENES 

In  this  section  infinite  perfectly  conducting 
cylinders  with  rectangular  cross  sections  are 
investigated  under  illumination  of  the  plane  wave 
having  the  same  time-dependence  and  magnitude,  as 
a  transient  field  of  ESD  in  some  distance  near  the 
discharging  body. 


The  method  of  investigation  is  Finite- 
Difference  Time-Domain  Method  (FDTD)  [5].  This 
method  gives  possibility  to  determine  the  complete 
electromagnetic  field  in  the  space  surrounding  the 
cylinder  for  all  times  of  interest.  This  wealth  of 
information  can  be  displayed  in  a  manner  to  enhance 
our  understanding  of  the  fields  coupling  phenomena. 
For  this  purpose  we  present  the  graphs  in  Fig.4. 
These  graphs  show  the  electric  field  in  the  space 
near  and  inside  the  rectangular  cylinder  of  1  x  1  m 
for  different  moments  of  time.  In  Fig.  4,  for  the 
moment  t=3.75ns  the  incident  pulse  just  approaches 
to  the  cylinder  and  first  part  of  energy  begins  to 
penetrate  the  aperture.  The  next  graph  shows  the 
cylindrical  wave  inside  the  cavity  with  the  center 
located  on  the  aperture.  This  field  propagates  with 
small  reflection  from  the  walls.  Reflection  can  be 
detected  via  curvatures  in  the  lines  of  field  near  the 
walls.  Graph  on  the  Fig.  4  for  t=6.67ns  shows  the 
moment  when  field  reaches  the  right  wall  of  the 
cylinder.  After  this  field  begins  to  reflect  from  the 
wall  and  due  to  the  geometry  it  behaves  like  the  field 
in  the  resonator.  For  the  quite  a  big  aperture  incident 
field  is  penetrating  inside  and  all  graphs  in  Fig.  4  can 
be  explained  by  consideration  of  pulse  propagation 
inside  the  cavity. 


3.75ns 


5.0ns 


6.67ns 


7.5ns 


7.92ns 


9.5ns 
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Fig.4  Time-history  of  the  field  inside  the  cavity.  Cylinder  1x1  m,  size  of  aperture  0.2m, 
ESD  field  from  spheroid  (0.31m  by  0.05m  semi-axes),  charged  by  5kV.  Arc  length 
0.6mm. 


To  estimate  shielding  effectiveness  of  the  screen  we 
calculate  the  value 

Jmax|Etotal  |ds 

s  =  ^ ; —  *  1 00%  (4) 

Jmax|Emc[ds 

Area 

Here  "Area"  denotes  the  area  of  the  cavity. 
Maximums  of  fields  are  calculated  for  each  point 
inside  the  cavity  during  all  time  of  observation.  In 
the  Fig.5  the  shielding  effectiveness  of  rectangular 
cylinder  is  shown  for  two  cases:  a)  V=5  kV  and  b) 
V=10  kV. 


Fig.  5.  Shielding  effectiveness  of  rectangular 
cylinder  as  function  of  arc  length  h  and  size 
of  aperture  d.  ESD  from  a)  V=5  kV  and  b) 
V=10  kV. 

To  demonstrate  how  maximums  of  fields  are 
distributed  inside  the  cavity  we  present  Fig.6.  One 
can  see  that  maximums  of  electric  fields  that 
penetrate  in  the  aperture  are  located  near  aperture 
and  have  smaller  values  in  the  inner  part  of  cavity. 
Shielding  effectiveness,  calculated  by  formula  (4) 
gives  possibility  to  estimate  average  value  of  fields 
maximums  shown  in  Fig.  6. 
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y  N  -0.5  -0.5  x  (m] 


Fig.  6.  Normalized  maximums  of  electric  field  inside 
rectangular  cavity.  ESD  from  spheroid,  V=5  kV, 
h=0.6  mm,  d=20  cm. 
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Summary:  Serious  troubles  may  occur  in 
electromagnetic  equipments  due  to 
electrostatic  discharge  (ESD).  The  number 
of  the  damaging  incidents  has  been 
significantly  increasing  with  increased  use 
of  integrated  semiconductor  elements  with 
lower  operation  power.  In  this  paper,  the 
electric  field  intensities  will  be  examined 
both  experimently  and  analytically  with 
respect  to  the  distance  from  the  ESD  point 
when  the  ESD  occurs  above  a  ground. 

1.  Introduction 

Advanced  electronic  equipment  employing 
highly-integrated  digital -IC  with  low 
dissipation  power  is  more  fragile  to 
electrostatic  discharge  (ESD).  This  is 
mainly  because  the  immunity  of  high-tech 
equipment  to  the  transient  electromagnetic 
noises  caused  by  the  indirect  ESD  event 
has  been  degraded.  For  the 
electromagnetic  interference  of  this  kind, 
following  strange  cases[11,[2;  are  well- 
known  as  a  peculiar  phenomenon  of 
unknown  origin.  Indirect  ESD  occuring  at 
the  location  distant  from  an  equipment 


causes  the  stronger  electromagnetic 
interference  than  direct  ESD  does. 

In  this  paper,  the  electric  field  intensities 
will  be  calculated  with  respect  to  the 
distance  from  the  ESD  point  when  the 
ESD  occurs  above  a  ground  plane.  From 
the  result  of  the  calculation,  it  will  be 
verified  that  the  electromagnetic 
interference  level  is  not  always 
proportional  to  the  inverse  of  the  distance. 

2.  Theory 

The  portion  right  after  the  ESD  has 
occured  can  be  modeled  as  a  current 
dipole  with  the  length  of  2 ,  through 
which  the  ESD  current  z(  t)  flows,  as 
shown  Figure  1  (a).  In  this  case  the 
occurrence  electromagnetic  fields  can  be 
theoretically  derived  in  terms  of  a  function 
of  the  ESD  current.  Figure  1  (b)  shows 
dipole  current.  The  current  peak  value  is 
denoted  by  7m,  the  nominal  duration 

period  by  r.  Then  the  ESD  cun-ent  z(  t) 
can  be  expressed  as: 


z'(  t)  =  I„  x  F(  t!  r) 


(1) 


(a) 


i(0»  Im  F(t/t) 


Figure.  1  (a)  Electric  dipole  moment  and 
dipole  model 
(b)  ESD  dipole  current 


where  F(  ■  )  is  a  dimensionless  function 

rol 

representing  the  ESD  waveform  and 
following  relation  holds: 


F(x)dx=  1 


(2) 


Here,  we  can  drive  F(  -  )  in  a  closed 
form  from  solving  the  equation  for  the 
electrical  behavior  of  a  capacitance 
discharge  circuit  through  a  spark  gap.  For 
spark  resistance,  the  Rompe-Weizel's 
formular  could  quantitatively  explain  the 
spark  processE41.  From  the  capacitance 
discharge  circuit  and  Rompe-Weizel 
resistance  formula,  the  following  equation 
is  drived: 


C0K  _  C0Vs(a/p)(  VJ I)2 
r  373 


(3) 


F(  t/ r)  =  -mp-  exp |373( ~  - x0) 
•  [l  +  exp|373(-^;-x0)}]} 


=  ^-exp|373(-^-x£,)| 

•  [l  +  expIsTsf-^-xjj]-2'3  (5) 

■  [2-exp|373(7-^0)J] 


ml  t) 
<5(  t)  t) 


where  x0  is  an  integral  constant,  £  is 

the  spark  length,  a  is  a  spark  coefficient 
determined  by  the  gas  pressure,  nature 
and  temperature,  p  is  pressure.  The  stray 
capacitance  across  the  gap  before  ESD 
occurs  is  denoted  by  C0,  and  the  spark 
voltage  Vs.  Figure  2  shows  a  dipole 

Observation 


Figure.  2  Dipole  model  of  ESD  on  the 
perfect  ground 

model  of  ESD  on  the  perfect  ground  plane. 
At  a  point  P,  the  radiation  components  of 
the  electric  fields  are  expressed  as  follows: 

'  I  mP-o  £ 

tre  ~  a>'  4k  (6) 

.  1  .  dF(t/r-Rr/cT ) 

r Rr  d(t/v—Rr/cT ) 


498 


ImMo# 
a> '  4tt 

1  d  Fitly-  Rj/cr) 

yR,  d(t/y—  RJct) 


(7) 


where  Rr  is  the  distance  between  the 


interval  and  then  simultaneous 
measurements  of  the  ESD  detection 
frequency  and  the  spark  voltage  were 
made  for  fifty  sparks.  Figure  4  shows  the 
detection  rate  on  observation  distance  r. 


observation  point  P  and  the  dipole  on  the 
plane  and  R,  is  one  from  the  image 
dipole. 

3.  Experiment 


Figure.  3  The  configuration  of 
experimental  setup  and  ESD  detection 


Figure  3  shows  the  configuration  of 
experiment  setup  and  ESD  detection, 
indicating  the  top  view.  The  ignition  coil 
controlled  by  an  electronic  circuit  can 
generate  a  high  voltage,  which  is  applied 
through  carbon  strings(250  J2/m,  70  cm  x 
2)  to  sphere  electrodes  (radius:  <2=15  mm) 
for  producing  a  spark.  The  carbon  strings 
are  used  to  prevent  the  spark  current 
from  flowing  into  the  portion  except  the 
gap.  An  ESD  event  can  simply  be 
detected  with  a  commercially  available 
ESD  detector.  The  ESD  detector  was 
placed  at  a  distance  r  from  sphere 
electrodes  as  shown  in  Figure  3.  The 
spark  was  generated  at  a  two  seconds 


6  7  8  9  10 

Distance  r  [m] 

Figure.  4  The  detection  rate 
at  observation  distance  r. 


-i  0  l 

normalized  time 


(a)  distance  r=3,  5,  7(m) 


-1  0 

normalized  time 


(b)  distance  r=7,  9,  ll(m) 

Figure  5.  The  waveform  of  the  summed 
electric  fields 


The  maximum  cl  electiic  field  |V/iii) 
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2.57  \ 


i  \ 


Figure  6.  The  peak  radiated  electric  field 
calculated  with  respected  to  the  distance  r 

Figure  5  is  the  waveforms  of  the  summed 
electric  fields.  Figure  6  shows  the  peak 
electric  field  at  distance  r.  The  frequency 
rate  can  be  compared  with  the  peak 
electric  field  because  it  is  proportional  to 
the  peak  value  of  the  electric  field.  From 
the  Figure  4,  6  it  is  verified  that  the  peak 
electric  field  is  not  always  decreased  as 
the  observation  distance  is  increased.  The 
above  strange  phenomenon  is  resulted 
from  the  phase  difference  between  the 
propagating  wave  and  the  reflected  wave 
from  the  ground  plane. 

4.  Conclusion 

An  ESD  event  has  been  modeled  using 
a  simple  elementary  dipole  above  a 
ground  plane.  It  has  been  verified  that 
radiated  field  is  not  always  proportional 


to  the  inverse  of  observation  distance. 
The  cause  is  based  upon  the  fact  that 
the  phase  difference  between  the  directly 
propagating  wave  and  the  reflected  wave 
change  the  field  waveform  according  to 
the  variation  of  the  observation  distance. 
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The  paper  deals  with  a  simplified  method  of  the 
hazard  assessment  for  electronic  systems  due  to 
lightning  electromagnetic  impulses  (LEMP). 

The  main  idea  of  the  method  is  presented  in  which  the 
immunity  level  of  the  considered  system  is  to  be 
correlated  with  the  statistical  distribution  of 
overvoltages  appearing  inside  the  protected  structure. 
On  the  base  of  this  correlation  the  way  for  risk  and 
frequency  of  possible  damages  of  the  system  under 
consideration  is  discussed  and  evaluated. 

1 .  GENERAL  APPROACH  TO  HAZARD 
ASSESSMENT 

Every  structure  equipped  with  conducting 
installations  is  endangered  -  in  greater  or  less  degree  - 
by  lightning  overvoltages  caused  by  direct  and  nearby 
strokes.  Hazard  due  to  overvoltages  for  such 
installations  depends,  of  course,  on  parameters  of 
lightning  discharges  [2]  but  not  only  on  them.  The 
failures  in  the  installations  depend  also  -  and  even  in 
greater  degree  than  on  the  lightning  parameters  -  on 
their  resistibility  or  immunity  to  overvoltages  [9]. 

Only  direct  strokes  and  very  limited  number  of 
nearby  strokes,  close  to  the  structure,  may  be  dangerous 
for  common  electrical  installations  due  to  relatively 
high  resistibility  or  high  level  of  their  withstand 
voltages.  In  the  case  of  equipment  such  as  electronic 
systems  with,  usually,  low  level  of  immunity  to 
overvoltages  even  very  far  lightning  strokes  may  be 
dangerous. 

To  assess  the  hazard  for  such  installations  the 
level  of  expected  overvoltages  should  be  correlated  with 
the  threshold  of  resistibility  or  immunity  of  the 
installation  system  and  its  components.  However,  due 
to  random  nature  of  lightning  overvoltages  as  well  as 
withstand  voltages  of  the  components  the  assessment  of 
the  hazard  should  be  considered  as  statistical  one  [2],  It 
means  that  the  statistical  withstand  characteristics  of 
installation  should  be  taken  in  account  on  the 
background  of  statistical  distribution  of  all  possible 
overvoltages  that  may  penetrate  the  installation.  The 
probability  of  appearance  of  overvoltages  with  peak 
values  greater  than  the  withstand  voltage  of  the 
equipment  should  be  accepted  as  probability  of  its 


damage  due  to  one  lightning  stroke.  Annual  probability 
of  equipment  damage  depends  additionally  on  annual 
number  of  lightning  strokes,  which  may  cause 
overvoltages  exceeding  immunity  level.  This  number  of 
strokes  together  with  the  probability  of  the  damage  due 
to  one  stroke  result  in  the  annual  frequency  of  the 
damage  [5], 

In  the  case  for  which  the  damage  frequency  is 
greater  than  its  acceptable  level,  the  measures  for 
protection  of  the  structure  and  its  installation  against 
overvolages  should  be  taken  in  account  [6],  The 
efficiency  of  such  measures  becomes  a  very  important 
parameter  for  the  hazard  assessment. 

2.  PENETRATION  OF  EQUIPMENT  BY 
LIGHTNING  OVERVOLTAGES 

All  possible  cases  of  lightning  stroke  influencing 
the  structure  with  sensitive  equipment  should  be  taken 
in  account.  As  it  is  shown  in  Fig.  1  they  are  associated 
with  different  parts  of  considered  arrangement. 

Lightning  strokes  intercepted  by  the  structure  and 
by  incoming  overhead  lines  [4]  are  associated  with 
equivalent  areas  A]  limited  by  the  distance 

di  =  3  h  (1) 

where:  h  -  height  of  the  structure  or  line. 


Fig.  1.  Possible  cases  of  lightning  influence  on  the 
sensitive  installation  of  the  structure 


The  equivalent  area  A2  associated  with  nearby 
strokes  inducing  overvoltages  in  the  overhead  line  [5] 
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is  limited  on  both  its  sides  by  distance  d|  and  by 
distance 


30kv  lLh 
U„ 


(2) 


where:  IL  -  lightning  current  peak  value,  Uc  -  level  of 
voltage  immunity,  kv  -  coefficient  depending  on  the 
velocity  of  induced  wave  (kv  «  1,1). 

The  equivalent  area  A3  associated  with  nearby 
strokes  increasing  ground  potential  around  the  structure 
and  along  incoming  buried  lines  or  other  conducting 
elements  [5]  is  limited  between  the  distances  dj  and 


Kp 

2  *UC 


(3) 


where:  p  -  ground  resistivity. 

For  example  the  distances  corresponding  with  real 
values  of:  h  =  10  m,  1^  =  30  kA,  p  =  500  Qm,  Uq  =  2 
kV  and  kv  =  1,3  are  as  follows:  d|  =  30  m,  d2  -  5000  m 
and  d3  =  1200  m. 

Sensitive  installation  inside  the  structure  may  be 
penetrated  by  lightning  overvoltages  in  different  way 
[3], 

According  to  Fig.  1  it  is  possible  to  distinguish  the 
overvoltages  due  to: 

direct  lightning  strokes  into  different  parts  of 
overhead  incoming  lines  (direct  overvoltages); 

magnetic  coupling  of  the  nearby  lightning  channel 
with  incoming  overhead  lines  (induced  overvoltages); 

electrical  coupling  of  nearby  lightning  ground 
currents  with  incoming  buried  lines  or  other  conducting 
elements  (growing  of  ground  potential); 

partial  lightning  currents  flowing  into  the  ground 
through  the  conducting  elements  of  the  structure  or 
LPS  (resistive  and  inductive  voltage  drops); 

direct  (by  LEMP)  magnetic  coupling  of  nearby 
lightning  channel  with  the  circuits  of  internal 
installations  of  the  structure  without  LPS  and  equipped 
with  it; 

direct  magnetic  coupling  of  the  conducting 
elements  of  structure  or  LPS  with  internal  circuits  of 
installation  at  lightning  stroke  into  the  structure 
(induced  voltages). 

At  direct  lightning  stroke  to  a  line,  three  cases 
(Fig.  2)  should  be  taken  in  account:  stroke  into  the 
single  conductor,  stroke  to  one  of  two  parallel 
conductors  and  stroke  to  the  conducting  support  of  the 
conductor. 


Fig.  2.  Lightning  stroke  into:  a)  the  single  conductor, 
b)  one  of  2  conductors,  c)  conducting  support, 
d)  the  ground  near  the  conductor. 

In  the  first  case  of  the  stroke  into  a  single 
conductor  of  incoming  line  (Fig.  2a)  the  overvoltages 
may  be  expressed  by  relation 

U  =  0,5  Z 1L  (4) 

in  which:  Z  -  conductor  wave  impedance,  IL  -  peak 
value  of  lightning  current.  It  confirms  a  very  great 
value  of  U  in  this  case.  For  example,  when:  Z  =  450  Q 
and  1l  =  30  kA,  then  U  =  6,75  MV. 

In  the  second  case  of  the  stroke  to  one  of  two 
parallel  conductors  (Fig.  2b)  and  at  the  assumption  that 
h  »  a  the  overvoltages  between  the  conductors  may  be 
expressed  by  relation 

UI2=30ILln^-;  (5) 

where:  a  -  distance  between  conductors,  r  -  conductor 
radius. 

In  the  third  case  of  the  stroke  to  the  top  of 
conducting  support  of  the  conductor  (Fig.  2c)  the 
overvoltages,  just  after  breakdown  from  the  support  to 
the  conductor,  may  be  expressed  by  the  relation 

U  =  ZlZs  IL  ^0,2ZtlL  (6) 

Z,+2ZS  L  1  L 

in  which:  Z\  -  wave  impedance  of  the  conductor, 
Z$  -  wave  impedance  of  the  support. 

Overvoltages  induced  in  the  incoming  lines, 
according  to  the  Fig.  1  (area  A2)  and  Fig.  2d,  may  be 
expressed  by  simplified  relation  as  follows 


where:  h  -  height  of  the  line  conductor;  d  -  distance, 
according  to  relation  (2),  between  the  overhead  line  and 
lightning  channel,  kv  -  coefficient,  as  in  relation  (2). 

Ground  potentials  and  voltages  caused  by 
electrical  coupling  of  nearby  lightning  strokes  into  the 
ground  surface  (equivalent  area  A3  in  Fig.  1)  with 
incoming  buried  lines  (cables)  or  other  conducting 
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elements  may  be  expressed  by  simplified  relation  as 
follows 


2k  d 


(8) 


where:  p,  IL,  -  as  in  relations  (2)  and  (3),  d  -  distance 
between  the  buried  conductor  and  lightning  channel. 
Quantitative  relation  between  U  and  d  according  to  (8) 
is  shown  in  Fig.  3.  It  is  evident  that  significant  values 
of  U  may  appear  within  a  distance  d  of  a  range  of  1000 
m. 


Fig.  3.  Relation  U  =  f  (d)  at  1L  =  30  kA  and  p=500  fim. 

Resistive  and  inductive  voltage  drops  due  to 
partial  lightning  currents  flowing  into  the  ground 
through  the  conducting  elements  of  the  structure  or 
LPS  at  direct  strokes  result  adequately  from  simple 
relations: 

Ur=Rt71l  (9) 

and  Ul=Lt/sl  (10) 


where:  R  -  grounding  resistance,  L  -  conductor  or 
circuit  inductance,  rj  -  coefficient  for  evaluation  of  a 
part  of  lightning  current,  iL  -  lightning  current, 
sl  =(diL/dt)TOX  -  its  maximum  steepness. 


Induced  voltages  due  to  direct  magnetic  coupling 
of  nearby  lightning  channel  with  the  circuits  of  internal 
installations  of  the  structure  without  LPS  (Fig.  4a)  may 
be  evaluated  from  the  following  simple  relation  [7] 


U  = 


-ifo  dQ  J  jn  d  +  b 


(11) 


2k  dt  d 

where:  p0-  magnetic  permeability,  4 n  10'7  (V-s/A-m); 
d,  b,  I  -  dimensions  (m)  explained  in  Fig.  4; 


a)  b)  lps 


Fig.  4.  The  loop  l  x  b:  a)  without  LPS  (K  -  lightning 
channel),  b)  with  LPS  at  direct  stroke. 


At  the  equality 


2k  d 


dH 

dt 


;2;rd 


H„ 


and  at  the 


condition  d  »  b  (nearby  strokes)  the  expression 


In 


d  +  b  b 


and  relation  (11)  takes  the  form  as  follows 


1-1  -Mo  Sib  (12) 

M 

j 

where:  Sn,  -  loop  surface  (m  );  Hm  -  maximum 
magnetic  field  in  the  structure  (A/m);  Tj  -  front  time  of 
current  and  field  waves  (s). 

The  induced  voltages  -  according  to  this  relation  -  may 
reach  some  hundred  volts.  For  instance,  at  the  surface 
S|b  =  1  10  m2  magnetic  field  Hm  =  400  A/m  and  the 

front  time  Tj  =  5  10-6  s,  it  yelds  the  voltage  U  =  100  4- 
1000  V. 


Fig.  5.  Relation  between  coefficient  k  and  number  n  of 
down  conductors  for  10m  cubic  model  cage. 


In  the  case  of  the  structure  equipped  with  LPS  the 
induced  voltages  are  adequately  reduced  [1]  and  their 
values  given  by  relation  (12)  should  be  multiplied  by 
the  coefficient 


SF  H  U 


(13) 


in  which:  SF  -  shielding  factor;  H,  Hg  -  magnetic  fields 
and  U,  Us  -  induced  voltages  respectively  before  and 
after  LPS  application.  The  coefficient  k  is  different  in 
different  places  [1],  Its  average  values  for  the  LPS 
model  cage  with  n  down  conductors  are  given  in  Fig.  5. 
Distribution  of  SF  values  along  the  horizontal  diagonal 
line  in  the  cage  [3]  is  shown  in  Fig.  6. 


x  =  10  -  y  [m] 


Fig.  6.  Distribution  of  shielding  factor  along  the 
diagonal  line  of  cubic  cage;  z  -  height  of  line, 
n  -  number  of  down  conductors. 
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At  direct  lightning  stroke  into  the  LPS  the 
voltages  induced  in  the  open  loop  b  x  l,  due  to  its 
magnetic  coupling  with  conducting  elements  of  gridlike 
spatial  LPS,  may  be  expressed  in  volts  [7]  by  relation 

:-^Jklln| 


U  =  - 


^d  +  b 


40  T, 


(14) 


where:  d,  b,  1,  lL,  Ti-  as  in  relations  (11),  (12)  and  in 
Fig.  4b. 

Relation  (13)  involves  shielding  features  of  LPS. 
The  distance  d  between  the  loop  and  a  structure  wall 
with  LPS  conductors  may  differ  from  that  between  the 
loop  and  a  structure  roof.  In  such  a  case  the  distance 
with  less  value  should  be  accepted  for  calculation  of 
induced  voltages.  For  structure  equipped  with  common 
LPS  the  voltages  may  reach  some  thousand  volts.  For 
instance,  at  assumption  that  d  =  I  =  b  =  3m,  Ig  =  200 
kA,  T)  =  5  10"6  s  and  go  =  47t  10~7  H/m  it  yields  U  = 


2,6  kV. 

In  order  to  assess  the  hazard  caused  by  lightning 
overvoltages,  their  values  should  be  compared  with  the 
immunity  of  equipment  and,  if  the  latest  is  exceeded, 
the  application  of  protection  measures,  surge  protection 
devices  (SPD)  and  shields,  should  be  considered.  SPD 
are  adequate  as  measures  against  overvoltages 
incoming  from  external  lines  and  against  voltage  drops. 
Shields  are  adequate  as  measures  against  induced 
voltages.  Selection  of  the  measure  should  result  from 
the  assessment  of  risk  of  damage  due  to  lightning. 


3.  RISK  ASSESSMENT 


The  risk  of  damage  or  malfunction  of  sensitive 
equipment  due  to  lightning  influence  to  the  structure 
may  be  expressed  by  general  relation  [2]  as  follows 

R=(l-e~Np)?  (15) 

where:  N  -  annual  number  of  direct  and  indirect  strokes 
influencing  the  structure  equipment,  p  -  probability  of 
equipment  damage  or  malfunction  due  to  one  lightning 
stroke,  8  -  economical  or  social  consequences  of  the 
damage  or  malfunction  of  equipment. 

From  the  technical  point  of  view  the  product  Np, 
expressing  the  damage  frequency  or  the  level  of  the  risk 
of  equipment  damage,  is  of  essential  meaning  so  that  it 
is  here  considered  as  a  first  basic  step  for  eventual 
further  economical  considerations  involving 
consequences  represented  by  different  values  of  8. 
Assuming  that  8  =  1  and  Np  «  1  the  risk  R  (or 
frequency  of  damage  may  be  expressed  by  the  relation 
R  =  Np  (16) 

The  probability  p  results  from  the  distribution  of 
overvoltages,  which  may  appear  in  open  circuits  of  the 
equipment,  and  from  the  distribution  of  withstand 
voltages  of  the  circuits  or  their  immunity  levels  [9].  In 
other  words  the  probability  p  may  be  obtained  from  the 
relation  as  follows 
+00 

p=/g(Us)P(Us)dUs  (17) 


where:  g  (Us)  -  density  function  of  distribution  of 
induced  voltages;  P(Us)  -  cumulative  distribution  of 
voltages  causing  a  damage  or  malfunction  of  the 
equipment.  Graphical  explanation  of  this  relation  is 
shown  in  Fig.  7. 


Fig.  7.  Distribution  of  voltages  induced  and  causing 
damages:  a)  ou  *  0;  b)  ou  =  0; 


According  to  relations  (4)  -  (11)  and  (14)  the 
density  function  g  (U§)  corresponds  with  the  density 
function  g  (Ig)  for  lightning  current,  which  is 
lognormal.  Hence 


g(Us) 


1 


v&U, 


-exp 


1 


-In" 


U. 


2  O"  us50; 


Uc 


(17) 


where:  Us  -  overvoltage  under  consideration,  Usso  -  its 
expected  value,  a  -  standard  deviation  of  its 
distribution. 

The  distribution  P(US)  results  from  the 
characteristic  of  the  equipment.  Assuming  that  this 
distribution  is  normal  one  it  is  possible  to  write 


P(US> 


1 


>!2k(tu 


Jexpl  - 


1  (ux-uc)2 


dU. 


(18) 


where:  Up  -  average  (critical)  value  of  withstand 
voltages  (immunity  level  of  equipment),  Ux  -  variable 
of  integration,  Us  -  voltage  as  co-ordinate,  au  - 
standard  deviation  of  withstand  voltages  (experimental 
value). 

Because  of  difficulties  with  au  assessment  a 
simplification  of  the  relation  (18)  is  proposed.  Namely, 
assuming  that  ou  =  0  one  gets  P(US  >  Uc)  =  1  and  P(US 
<  Uc)  =  0.  At  this  assumption  relation  (17)  may  be 
expressed  as  follows 

+CO  +co 

P=  Jg(Us)P(Us  ^  Uc)dUs=  Jg(Us)dUs  (19) 


It  is  graphically  explained  in  Fig.  7b.  Value  Uc  results 
from  equipment  features  [9]  and  for  defined  cases  it  is 
fixed  so  that  equipment  damages  or  its  interference 
depend  on  distribution  of  overvoltage  g(U§).  This 
distribution  depends,  between  others,  on: 
the  distribution  of  lightning  currents, 
the  distance  between  lightning  channel  and 
structure  equipment,  as  well  as  its  dimension  and 
position  in  the  structure, 
the  shielding  efficiency  (factor  SF)  of  LPS. 

When  the  equipment  in  the  structure  is  fixed  then 
the  lightning  current,  the  distance  between  lightning 
channel  and  equipment  and  the  shielding  factor  are 
decisive  for  the  level  of  overvoltages. 
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It  should  be  noted  that  according  to  relations 
given  in  section  2  of  this  paper  there  is  a  direct  relation 
between  critical  value  Ic  of  lightning  current  IL  and  the 
critical  value  Uc  of  withstand  voltage.  For  nearby 
strokes  (relation  12)  it  yields 

Ic=-^dT,UcSF  (20) 

where:  d,  S](,,  T]-  as  in  relations  (11)  and  (12). 
According  to  relation  (13)  the  shielding  factor  is 
defined  by 

SF  =  -jj-  or  SFdB=201og-jj-  (21) 

Influence  of  SF  on  the  density  function  g(Us) 
and  therefore  on  the  probability  p§  is  evident  from  the 
data  given  in  Fig.  7b.  The  curve  g(Us)  at  greater  value 
of  SF  is  shifted  into  the  direction  of  lower  values  of  Us- 
To  assess  this  dependence  quantitatively  new  Fig.  8  has 
been  arranged  on  the  base  of  data  given  in  section  2  of 
this  paper  and  on  the  base  of  relations  given  in  the 
document  [8].  Moreover,  according  to  [8]  it  has  been 
assumed  that  T]  =  10  ps  for  first  lightning  stroke,  what 
corresponds  with  the  frequency  f  =  0,025  MHz,  and 
that  T  |  =  0,25  ps  for  subsequent  strokes,  what 
corresponds  with  the  frequency  f  =  1  MHz. 


Fig.  8.  ps  versus  SF  for  different  values 
of  frequency  f  and  distance  d 


The  probability  p  «  ps,  corresponding  with  the 
critical  current  Ic,  is  to  be  assessed  directly  from  the 
lightning  current  distribution  g(IL)  given  adequately  for 
first  and  subsequent  strokes. 

Distance  d  =  d3  (relation  3)  around  the  structure 
limits  the  ground  surface  from  which  the  lightning 
strokes  may  be  dangerous  with  probability  p  «  ps  for 
equipment  inside  the  structure.  The  number  of  these 
strokes 

N=Ng7r  d2  (22) 

where  Ng  -  the  average  annual  density  of  the  strokes, 
which  should  be  obtained  from  local  data.  For  the  aim 
of  this  paper  it  is  assumed  to  be  equal  1  stroke  per  1 
km2  and  1  year. 

Taking  in  account  the  relation  (16)  and  the  data 
given  in  Fig.  8  together  with  the  number  N  of  relation 
(22)  it  is  possible  to  calculate  the  risk  of  equipment 
damage  or  interference.  An  example  of  the  calculation 
gives  results  as  shown  in  Fig.9. 


1,0  1,5  2,0  2,5  3,0 


_  SF 

Fig.  9.  Risk  R  versus  SF  for  different  f  and  d  values 

It  should  be  noted  that  the  number  N  increases 
with  second  power  of  d  and  at  the  same  time  the 
probability  p  decreases  with  d  according  to  relation  (20) 
and  lightning  current  distribution.  For  small  distances 
increment  p  is  much  greater  than  reduction  of  N  so  that 
the  actual  risk  values  may  be  a  little  greater  than  those 
of  Fig.  9.  More  exact  calculations  need  the  product  Np 
to  be  integrated  as  a  function  of  d. 

4.  CONCLUSION 

From  obtained  results  it  is  possible  to  conclude 

that: 

•  assessment  of  the  risk  of  damages  is  a  proper  way 
for  selection  of  measures  of  protection  against  induced 
overvoltages; 

•  a  distinction  between  distributions  of  first  and 
subsequent  lightning  strokes  is  very  important  for  the 
risk  assessment; 

•  passage  from  the  distribution  of  first  strokes  to 
that  of  subsequent  strokes  causes  a  very  great  increase 
of  the  risk  of  damage; 

•  first  strokes  are  dangerous  for  sensitive  equipment 
in  a  distance  of  a  range  of  hundred  meters  whereas  the 
dangerous  distances  d  at  subsequent  strokes  may  reach 
some  thousand  meters; 

5.  REFERENCES 

5.1.  Z.  Flisowski,  B.  Stanczak,  B.  Kuca,  C.  Mazzetti, 
A.  Orlandi,  M.  Yarmarkin:  “Induced  currents  and 
voltages  inside  LPS  models  due  to  lightning  current”, 
Proceedings  of  23rd  ICLP,  Florence,  Italy,  Sept.  23  - 
27,  1996,  pp.527-532. 

5.2.  C.  Mazzetti,  M.  Pompili,  Z.  Flisowski:  “Review  of 
application  problems  of  probabilistic  approach  to  the 
lightning  hazard  assessment”.  Proceedings  of  23rd 
ICLP,  Florence,  Italy,  Sept.  23  -  27,  1996,  pp.  707-712. 

5.3.  C.  Mazzetti,  A.  Orlandi,  M.  Yarmarkin,  Z. 
Flisowski,  B.  Kuca:  “Shielding  properties  of  LPS  under 
LEMP”,  10th  International  Symposium  on  High 
Voltage  Engineering  (ISH’97),  Montreal,  Canada, 
August  25-29,  1997. 

5.4.  IEC  1024-1-1,  International  Standard,  First 
edition,  1993-08:  “Protection  of  structures  against 
lightning”,  Part  1:  General  principles.  Section  1:  Guide 
A  -  Selection  of  protection  levels  for  lightning 
protection  systems. 

5.5.  IEC  1662.  Technical  Report  1995:  “Assessment  of 
the  risk  of  damage  due  to  lightning”  and  Amendment 
N°  1  Annex  C:  “Structures  containing  electronic 
systems”. 


505 


5.6.  IEC  1312-1,  International  Standard,  First  edition 
1995-02:  “Protection  against  lightning  electromagnetic 
impulse  (LEMP)”.  Part  1 :  General  Principles. 

5.7.  Draft  IEC  1312-2,  Technical  Report  Type  2  on: 
“Shielding  of  structures,  bonding  inside  structures  and 
earthing  relating  to  LEMP”  prepared  by  TC  81  WG  3 
TF  2,  November  1996 

5.8.  Draft  IEC  61312-2:  Protection  against  lightning 
electromagnetic  impulse  (LEMP)  -  Part  2:  “Shielding 
of  structures,  bonding  inside  structures  and  earthing”. 
Committee  draft  for  vote  81/105/CDV,  25-07-1997. 

5.9.  IEC  1000-4-5,  1995:  Electromagnetic 

compatibility  of  electrical  and  electronic  equipment. 
Part  5:  Surge  immunity  requirements. 

BIOGRAPHICAL  NOTES 

Carlo  Mazzetti:  born  (1943)  in  Rome,  Italy;  graduated 
(1967)  from  Electrical  Engineering  Department  of 
Rome  University  “La  Sapienza”  and  joined  it  in  1967; 
associate  professor  (1970),  professor  (1986)  and 
director  of  Department  (1986  -89)  of  the  University; 
director  of  the  High  Voltage  Group  (HVG)  of  the 


Italian  National  Research  Council  (1989);  president  of 
ICLP  (1996)  author  and  co-author  of  more  than  100 
scientific  papers.  His  main  interests:  HV  transient 
analysis  and  measurement,  electrical  insulation, 
lightning  electromagnetic  fields  and  lightning 
protection.  His  membership:  the  Italian  Electrical 
Committee  (CHI/8 1 )  and  the  International 
Electrotechnical  Commission  (IEC/81)  on  Lightning 
Protection. 

Zdobyslaw  Flisowski:  born  (1931)  in  Brzeoeas  n/B, 
Poland;  graduated  from  Electrical  Engineering  Faculty 
of  Warsaw  University  of  Technology;  joined  it  in  1952; 
associate  professor  (1971),  professor  (1987),  head  of 
High  Voltage  Technique  Division  (1991);  prorector  of 
the  University  (1988-92);  author  or  co-author  of  6 
books  and  above  1 1 0  scientific  papers.  His  main 
interests:  HV  technique  and  lightning  protection.  His 
memberships:  the  Polish  Committee  on  Lightning 
Protection  (president  1972),  the  Scientific  Committee 
of  International  Conference  on  Lightning  Protection 
(vicepresident  1996),  Fellow  IEE  (1993). 


EMC  98 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


VOLTAGES  INDUCED  ON  SWITCHING  EQUIPMENT  BUS  CABLES 
BY  A  DIRECT  LIGHTNING  STRIKE 


Masaji  Sato*,  Shigeo  Chikai*,  Satoshi  Sakaida*,  Syouichi  Kuramoto**,  Masaru  Kanazawa** 
*NTT  Technical  Assistance  and  Support  Center  **NTT  Multimedia  Networks  Laboratories 
3-9-1 1  Midori-Cho,  Musashino-Shi,  Tokyo  180,  Japan 


Abstract  This  paper  analyzes  damage  to  the  switching 
equipment  bus  circuits  caused  by  a  direct  lightning  strike 
to  a  telecommunications  center,  and  describes  the  mea¬ 
sures  taken  to  prevent  future  damage. 

Based  on  the  current  observed  at  the  antenna  tower  leg, 
the  distributed  lightning  currents  in  the  columns  and  gird¬ 
ers,  and  the  potential  difference  induced  in  the  damaged 
bus  circuits,  were  estimated  by  using  a  linear  building 
model  and  vector  potential  methods.  The  discharge  trace 
on  the  damaged  circuit  was  also  analyzed  by  comparison 
with  the  tested  discharge  traces.  Consequently,  the  esti¬ 
mated  potential  difference  matched  well  with  the  analysis 
of  the  discharge  traces. 

To  suppress  the  induced  voltages  on  the  bus  circuits, 
the  mesh-grounding  and  the  zinc  oxide  variable  resistors 
were  added  to  the  reference  ground  and  the  bus  circuit. 

1.  INTRODUCTION 

Direct  lighting  strikes  to  a  building  can  seriously  dam¬ 
age  telecommunications  equipment.  Several  papers  have 
reported  the  results  of  simulated  lightning  current  distri¬ 
bution  and  the  induced  voltages  on  wires  in  a  building 
[l]-[2],  but  few  reports  have  described  actual  examples 
of  induced  lightning  surges  on  signal  cables  and  how  the 
surges  damage  equipment  circuitry.  In  this  paper  we  re¬ 
port  on  the  damage  to  digital  switching  equipment  bus 
cable  interface  circuits  caused  by  a  direct  lightning  strike 
on  December  16,  1995  to  a  telecommunications  center 
located  on  the  shore  of  the  Japan  Sea. 

Direct  lightning  current  was  observed  at  a  leg  of  the 
antenna  tower.  The  lightning  current  distribution  in  the 
building  and  the  induced  voltages  on  the  bus  cable  inter¬ 
face  circuits  were  estimated  by  applying  vector-potential 
methods  to  the  currents  in  the  building  columns  and  gird¬ 
ers.  The  discharge  traces  on  the  circuits  were  analyzed  by 
applying  experimental  lightning  surges  to  the  circuits.  The 
calculated  voltages  agreed  well  with  the  results  of  the  cir¬ 


cuit  immunity  tests  and  the  discharge  traces  on  the  dam¬ 
aged  circuits. 

Following  the  lightning  strike,  a  mesh-grounding  was 
added  to  the  switching  equipment  and  protectors  were 
placed  on  the  bus  interface  circuits  to  suppress  induced 
voltages. 

2.  DAMAGED  CIRCUITS 

When  the  lightning  struck  the  antenna  tower  on  the  four- 
story  telecommunications  building,  the  digital  switching 
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Fig.  1 .  Observed  current  at  an  antenna  tower  leg  and 
the  calculated  current  distribution  in  the  building. 
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equipment  bus  cable  interface  circuits  were  damaged. 
According  to  the  lightning  positioning  and  tracking  sys¬ 
tem,  the  lightning  current  flowing  into  the  antenna  tower 
had  a  peak  value  of  approximately  100  kA.  As  shown  in 
Fig.  1,  the  peak  value  of  the  current  observed  at  the  tower 
leg  was  12  kA.  Based  on  other  observed  cases  of  direct 
lightning  strikes  to  this  building,  the  total  current  can  be 
assumed  to  be  more  than  80  kA  because  the  antenna  tower 
has  four  legs,  stairs,  and  dozens  of  waveguides. 

An  overview  of  the  damaged  bus  cable  interface  cir¬ 
cuits  is  shown  in  Fig.  2.  The  damaged  transistors,  marked 
A  in  Fig.  2,  were  located  between  the  signal  ports  and  the 
reference  ground  of  each  device.  They  were  connected  in 
a  row  with  bus  cables  and  grounding  wires.  The  damaged 
circuits  were  more  vulnerable  to  positive  surges  between 
the  signal  port  and  reference  ground  than  to  negative  surges 
because  diode  B  in  Fig.  2  protects  against  negative  surges. 

The  damaged  bus  cable  interface  circuits  had  a  single 
grounding  point  at  the  rectifier,  and  had  no  direct  connec¬ 
tion  to  the  subscriber  lines,  AC  mains,  or  conductive  struc¬ 
tures  of  the  building.  Therefore,  the  potential  differences 
between  the  bus  cables  and  grounding  wires  induced  by 
the  lightning  current  were  assumed  to  be  the  main  cause 
of  the  damage. 


Switching  equipment 


DC  Processor  Bus 


Fig.  2.  Overview  of  the  damaged  devices  and  circuits. 


3.  INDUCED  VOLTAGES  ON  BUS  CABLE 
AND  GROUNDING  WIRES 

3.1  Induced  voltage  calculation  methods 

Based  on  the  current  observed  at  the  antenna  tower,  the 
lightning  current  distribution  in  the  building  was  calcu¬ 
lated  using  the  linear  building  model  shown  in  Fig.  1.  The 
relations  between  the  currents  in  the  columns  and  girders 
and  the  potential  difference  between  their  joints  can  be 
represented  as  follows  [3], 

V1  ~  V2  =  Zli  l\  +  ZI2*2  +  '"  +  z!n'n 

V2  V3  Z2l'l  +  Zllh  +  *"  z2n*n  (0 


Here,  in  represent  the  currents  of  column  and  girders,  vn 
are  the  potentials  of  joints,  znn  are  the  impedances  of  col¬ 
umn  and  girders,  zmn  are  the  mutual  impedances  between 
those  currents.  Equation  (1)  can  be  rewritten  in  matrix 
form. 

[  v  ]  =  [  z  ]  [  /  ]  (2) 

Therefore,  current  matrix  [  i  ]  can  be  obtained  by  calcu¬ 
lating  the  inversion  of  the  impedance  matrix  [  z  ]  . 

m  =  U]-’[v]  (3) 

The  induced  potentials  of  the  bus  cables  and  reference 
grounding  wires  were  estimated  as  shown  in  Fig.  3  by 
applying  vector-potential  methods  to  the  calculated  cur¬ 
rents  in  the  building  columns  and  girders.  Vector  poten¬ 
tial  Ax  in  the  X  direction  at  position  P,  generated  by  cur¬ 
rent  Ig  in  the  girder,  is  given  by  the  following  equation. 


z 


= 


Mo  Ig(x,t) 
4  Kr 


dx 


Here,  /j.Q  :  Permeability, 

lg  :  Length  of  girder,  and 

r=y['lg  ~(x+a)’2+d2 


(4) 


The  electric  field  strength  £.  in  direction  X  is  given  by 
the  next  equation. 


(5) 
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The  field  strengths  in  directions  Y  and  Z,  generated  by 
the  current  in  the  girders,  are  individually  given  by  con¬ 
sidering  the  inductor-current  positions,  directions,  and 
magnitudes. 

The  transmission  line  equations  for  the  grounding  wire 
short  section  with  fields  strengths  under  Ex  and  £,  are  given 
as  follows  [4], 


dV* 

dx 


■Zo 


dh 

dt 


+EX  , 


dir 


dx 


■■yo 


dt 


(V,  ~hEz 


(4) 


Here  z0  and  yQ  are  the  primary  impedance  and  the  pri¬ 
mary  admittance  of  the  grounding  wire.  As  the  maximum 
length  of  the  grounding  wire  is  at  most  several  dozen 
meters,  the  frequency  of  the  lightning  surge  is  at  most  sev¬ 
eral  hundred  kHz,  and  the  height  h  of  the  grounding  wire 
is  approximately  zero  because  it  is  installed  on  the  floor, 
we  estimated  the  induced  voltage  at  the  open  end  of  the 
grounding  wire  by  using  the  following  simplified  equa¬ 
tion  [5], 


V,  =  Jo  Ex  dx  (5) 

Since  there  are  several  girders  that  generate  electric  field, 
the  induced  voltage  at  the  end  of  the  grounding  wire  is 
determined  by  integrating  each  voltage  induced  by  the 
individual  girders  as  follows. 


n 


Here  Ei  is  the  field  strength  generated  by  currents  in 
each  girder.  The  induced  voltages  on  the  bus  cable  can  be 
calculated  by  applying  above  equations  because  the  bus 
cables  are  usually  installed  in  the  same  way  as  grounding 
wires. 

Since  a  lightning  surge  is  described  in  the  time  domain 
as  shown  in  Fig.  1  and  the  wire  impedance  is  described  in 
the  frequency  domain,  we  applied  the  Fourier  transfor¬ 
mation  to  the  lightning  surge  and  calculated  equations  ( 1)- 
(6)  in  the  frequency  domain.  We  then  inverted  them  to 
produce  the  time-domain  voltages. 

3.2  Calculated  induced  voltages 

The  lightning  current  distribution  of  building  columns 
and  girders  are  shown  in  Fig.  1 .  The  current  in  columns 
under  the  antenna  tower  leg  is  larger  than  that  in  other 
columns,  and  the  current  in  girders  is  almost  one-tenth  of 
the  current  in  columns.  Figure  4  shows  the  peak  values  of 
lightning  current  in  the  third  floor  girders.  The  current  in 
outside  girders  is  larger  than  that  in  girders  located  at  the 


center  part  of  the  floor. 

Figure  4  also  shows  the  locations  of  bus  cables  and 
grounding  wires.  The  route  of  the  bus  cable  starts  at  the 
processor  and  connects  devices  1  to  8  in  a  row,  while  ref¬ 
erence  grounding  wire  A  starts  at  the  DC  distributor  and 
connects  the  devices  3,  4,  7,  and  8.  The  reference  ground 
of  the  processor  and  devices  1 , 2,  5,  and  6  were  connected 
by  another  grounding  wire. 

Figure  5  shows  the  calculated  induced  voltage  peak  val¬ 
ues  on  bus  cables  and  reference  grounding  wires  at  each 
devices.  The  calculated  results  show  that  the  potential  dif¬ 
ferences  of  the  damaged  devices  reached  more  than  40  V, 
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Fig.  4.  Calculated  current  distribution  in  girders  on 
the  thirdfloor  and  locations  of  bus  cables  and 
grounding  wires. 
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Fig.  5.  Calculated  potential  difference  between  bus  cables 
and  reference  grounding  wires. 
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and  had  a  positive  polarity  between  the  signal  port  and 
reference  ground,  while  those  of  the  undamaged  equip¬ 
ment  were  less  than  30  V. 

3.3  Immunity  level  and  discharged  trace  of  the 
damaged  transistor 

The  tested  immunity  level  of  the  circuit  against  light¬ 
ning  surges  is  shown  in  Fig.  6.  When  a  positive  surge  was 
applied  to  the  signal  port,  the  transistor  in  the  bus  circuit, 
marked  A  in  Fig.  2,  broke  down  at  20  V,  and  it  became 
completely  impossible  to  output  signals  at  40  V,  while  the 
circuit  had  an  immunity  level  of  more  than  100  V  against 
negative  surge  due  to  the  diode  marked  B  in  Fig.  2.  We 
applied  three  kinds  of  surge  waveforms  to  the  circuit,  but 
the  circuits  immunity  level  did  not  change  with  these  test 
waveforms  as  shown  in  Fig.6. 

Figure  7  shows  the  discharged  trace  of  the  damaged  tran¬ 
sistor,  making  clear  that  induced  surge  had  discharged  be¬ 
tween  the  collector  and  emitter  which  were  directly  con¬ 
nected  to  the  bus  cable  and  reference  ground  as  shown  in 
Fig.  2. 

Figure  8  shows  the  discharged  traces  tested  at  the  volt¬ 
age  of  30,  46,  60,  100.  The  discharged  trace  in  Fig.  7 
matched  well  with  that  of  the  circuits  tested  at  46  V. 

The  damage  is  thus  attributed  to  the  induced  potential 
difference  of  40-60  volts  between  the  bus  cables  and  ref¬ 
erence  ground,  which  was  more  than  twice  the  allowable 
voltage  of  the  circuits. 

4.  INDUCED  VOLTAGE  SUPPRESSION  USING 
MESH-GROUNDING  AND  ARRESTORS 

To  suppress  the  induced  voltages  on  the  grounding  wire, 
typical  wiring  methods,  such  as  single-wiring,  star-wir¬ 
ing,  and  mesh-wiring,  were  experimentally  studied[5]. 
Based  on  these  experiments,  mesh-wiring  was  added  to 
the  switching  equipment  reference  grounding  wires,  as 
shown  in  Fig.  9.  Additionally,  bus  cables  were  installed 
along  the  mesh-grounding  wires. 

Figure  10  shows  the  calculated  induced  voltages  on  the 
bus  cables  and  reference  grounding  wires  in  the  case  of  a 
direct  lightning  strike  of  100  kA.  We  assumed  that  the 
induced  potential  difference  was  reduced  by  about  half 
by  adding  mesh-grounding,. 

For  additional  protection,  considering  a  direct  lightning 
strike  of  over  100  kA,  a  zinc  oxide  variable  resistor,  marked 
C  in  Fig.  2,  was  added  to  the  bus  cable  interface  circuit. 
The  resistor  strengthened  the  circuit  immunity  level  by 
more  than  five  times,  as  shown  in  Fig.  6. 
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Fig.  6.  Tested  immunity  level  against  lightning  surges. 
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Fig.  7.  Discharge  trace  on  the  damaged  transistor. 
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Fig.  8.  Discharge  traces  on  the  tested  transistors. 
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antenna  tower  leg 

Fig.  9.  Mesh-grounding  used  to  suppress 
induced  voltages. 

5.  CONCLUSION 

We  have  described  the  damage  caused  to  the  digital 
switching  equipment  bus  cable  interface  circuits  by  a  di¬ 
rect  lightning  strike  to  a  telecommunications  center,  the 
estimated  voltages  on  the  bus  circuits,  and  the  measures 
taken  to  prevent  future  damage. 

The  direct  lightning  current  was  assumed  to  flow  into 
the  antenna  tower  with  a  peak  value  of  80-100  kA.  The 
distributed  lightning  current  in  the  columns  and  girders 
induced  a  potential  difference  of  more  than  40  V  between 
the  signal  port  and  reference  ground,  as  estimated  using  a 
linear  building  model  and  vector  potential  methods.  The 
discharge  trace  on  the  damaged  circuit  matched  well  to 
that  of  the  circuit  tested  at  46  V. 

The  mesh-grounding  added  to  the  reference  ground  re¬ 
duced  the  induced  potential  difference  by  about  half.  The 
zinc  oxide  variable  resistors  added  to  the  circuit  strength¬ 
ened  the  circuit  immunity  level  by  more  than  five  times. 
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Abstract  -  Electrostatic  discharge  of  the  body  with 
different  surface  resistance  is  investigated.  Influence  of 
the  surface  resistance  on  the  current  in  the  arc  and  on 
the  radiated  by  the  body  fields  is  studied.  The  problem 
is  formulated  in  the  terms  of  surface  integral  equation 
for  magnetic  field.  The  equation  is  solved  by  the 
Method  of  Moments  in  time  domain.  Results  are  given 
for  spheroid  with  different  surface  resistance.  It  is 
shown  that  for  some  kind  of  distribution  of  surface 
impedance  the  level  of  radiation  from  electrostatic 
discharge  can  be  reduced. 

1.  INTRODUCTION 

As  the  complexity  and  sensibility  of  digital 
systems  increase,  there  is  an  increasing  need  to  better 
understand  basic  phenomena  associated  with 
Electrostatic  Discharge  (ESD)  and  its  effect  on 
electronic  systems  [1],  The  basic  ESD  event  is  direct 
ESD,  whose  discharge  current  flows  inside  electronic 
equipment  and  interferes  its  work.  The  other  type  of 
ESD  is  the  indirect  ESD  that  can  be  analyzed  as  a  form 
of  electromagnetic  interference,  caused  by  transient 
fields  or  electromagnetic  pulses  (EMP)  radiated  by 
ESD.  Computer  simulation  of  such  kind  of  phenomena 
raises  interest  to  development  of  efficient  numerical 
techniques  for  solving  appropriate  problems.  To 
determine  the  severeness  of  ESD  and  predict  possible 
malfunctions  the  transient  fields  must  be  known  in  the 
near  and  in  the  far  zones  [2,3],  The  objective  of  this 
work  is  to  investigate  these  fields  within  the 
electrodynamical  model  of  discharge  phenomena  for 
objects  with  surface  resistance. 

2.  NUMERICAL  METHOD 

Let  us  consider  ESD  from  voluminous  conducting 
objects.  The  boundary  value  problem  for  this  case  can 
be  transformed  into  a  magnetic  field  integral  equation 
(MFIE)  [4]: 


1(7,  t)  =  2n  x  H’nc(r,  t)  +  n  x  ~  |l[  js(?',  x)]  x  ^ 

+|.8M|u)+q„„(f,T)].^)ds.  <„ 


JL  i^. 

R  +  c  sT’ 

where  J  is  the  current  density  on  the  surface  of  the  body, 
Hinc(r,t)is  the  field  radiated  by  the  arc  (for  the 
discharging  body  this  field  is  considered  as  an  exciting 
field),  r  is  the  point  of  observation  on  the  surface  of  the 
body,  t  is  the  time  of  observation,  ?'  is  the  point  of 
integration,  R  =  r  —  r R=jr  — ?'|  is  the  distance 
between  the  point  of  observation  and  integration, 
t '  =  t  —  R/c  is  the  retarded  time,  M  is  magnetic 
current  density  on  the  surface  of  the  body,  H  n  is  normal 
component  of  the  magnetic  field  on  the  surface  of  the 
body,  n  is  the  normal  to  the  surface  and  c  is  speed  of  the 
light. 

For  the  computer  simulation  of  the  ESD  the 
following  model  can  be  formulated:  we  suppose  the 
existence  of  a  channel  with  time  dependent  conductivity 
o(t)  in  the  gap.  Therefore  we  have  boundary  conditions: 

a(t)J(t)  =  Eself  (t)  +  Ebody  (t)  in  the  channel 

and  (2) 

MFIE  on  the  surface  of  the  body, 
where  Ese)f(t)is  electric  field  produced  by  channel 
and  Ebody  (t)  is  electric  field  produced  by  discharging 

body,  located  near  the  ground  plane. 

We  assume  that  the  surface  S  is  described  by  the 
parametric  equations:  r  =  r(u,v)  and  we  further  assume 
that  these  coordinates  are  orthogonal,  that  is,  that  the 
tangent  vectors  ru  =  dr  /  du  and  rv  =  dr  /  dv  satisfy 
equation  ru  •  rv  =  0  . 

In  the  following  discussion  our  attention  will  be 
limited  to  axial  excitation  of  rotational  bodies.  Equation 
(1)  can  be  rewritten  for  this  case: 
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J„  =  -2H 


•“-il{TfG-4!f[0»+G4s 


G.„,  = 


R-[iiv  xn„.] 


GL  = 


.  _  ^  _  r 

with  nu  =  nr;  nv  =  rrr;  Z  is  surface  impedance. 

Irul  kv| 

Solution  of  the  equation  (3)  coupled  with  the 
equation  for  arc  can  be  done  with  the  well-known 
Method  of  Moments  (MOM)  directly  in  the  time 
domain  [2,3). 

Let  us  consider  some  computational  problems 
arising  at  numerical  realization  of  the  MOM  algorithm. 
The  first  stage  of  this  algorithm  is  segmentation  in  both 
the  space  and  time  coordinates.  The  simplest  scheme 
of  discretisation  is  based  on  the  uniform  discretisation 
(A1  x  A1  x  At,  where  A1  =  cAt) .  Since  an  integration  is 
performed  in  the  space  coordinates,  subsectional 
collocation  with  a  S  -pulse  approximation  in  space  can 
be  used.  Using  Galerkin  method  [5]  we  can  write 
discrete  analogue  of  equation  (3): 


1  dJu(k,T)r  (kii)  ,(k,i) 


Here  i  is  used  for  number  of  belt  (we  assume  that  body 
is  divided  into  Ns  belts,)  j  is  used  for  time  moment, 
ASk  is  the  area  of  k-th  belt.  Each  belt  in  addition  is 
divided  into  Mk  patches.  Mk  depends  on  the  number  of 
belt  k.  Coefficients  p,  take  into  account  self-influence 
of  i-th  patch  [5], 

In  general  case  r  =  (n  +  y)dt,  where  n  is  an 
integer  and  0  <  y  <  1 .  So  it  is  necessary  to  provide 
some  kind  of  interpolation  for  currents  between  the 
integer  time-steps.  We  are  using  interpolation: 


-(*-tn+1)+jn+i 


where  tn  =  dt(n-  1)  . 


The  main  problem  in  numerical  algorithm  is  the 
coupling  of  the  arc  to  the  body.  The  electric  field  in  the 
gap  must  be  known  accurately  as  the  highly  non-linear 
arc  current  depends  on  its  value  due  to  the  ionization 
process.  The  arc  models  by  Rompe  and  Weizei  [6]  and 
the  model  by  Mesiats  [7]  are  usable  for  ESD  as  they 
can  reproduce  the  influence  of  the  arc  length  on  the 
current  rize  [1],  Presently  the  Rompe  and  Weisel  model 
is  used  in  our  algorithm.  According  this  model  the  arc 
resistance  is  represented  by  formula  [6]: 


1  o 

where  R(t)  is  the  arc  resistance  [Ohm],  h  is  the  arc-length 
[m],  Iarc(t)  is  an  arc-current  [A], 

aR  =10  4  [m2  /  V2  sec]  -  is  some  experimental 
constant. 

Validation  of  the  algorithm  was  done  both 
theoretical  and  experimental  way.  The  code  was  tested 
against  literature  data  in  the  linear  scattering  problems  in 
time  domain  [5,8-10]  and  in  frequency  domain  [11],  For 
the  discharge  problem  the  fields  were  tested  inside  the 
body  (inside  the  perfectly  conducting  body  the  field 
should  be  zero).  It  was  tested  also  if  the  calculated 
transient  electric  field  approaches  the  negative  value  of 
the  electrostatic  field  for  a  long  calculation  times. 

From  the  other  hand  currents  and  fields  were 
compared  to  measured  data  in  the  case  of  perfectly 
conducting  bodies.  While  the  current  on  the  body  can 
hardly  be  measured,  the  discharge  current  can  [1], 
Measured  data  compared  with  calculations  show  high 
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Fig- 1  •  Arc  currents  from  spheroid  with  semi-axes: 
a=0.31m,  b=0.05m,  static  voltage:  Vo=5  kv,  arc- 
length:  h=0.3  mm,  a-perfectly  conducting  body,  b 
-  homogeneous  distribution  of  surface  resistance: 
Z=37.7  Ohm,  c  -  inhomogeneous:  Z=l/L  Ohm, 
where  L  is  distance  along  the  generating  line. 

accuracy  of  the  developed  algorithm  [3], 

Let  us  consider  the  influence  of  surface  resistivity 
on  the  behavior  of  discharge  phenomena.  From  the 
resistive  boundary  condition  we  have  relation: 

M  =  — Z[n,  j],  where  Z  =  Z/1207i  is  surface 
impedance.  Due  to  the  axial  symmetry  Hn=0. 
Calculations  were  proceeded  for  the  prolate  spheroid 
with  semi-axes:  a=0.31  m,  b=0.05  m.  This  spheroid  is 
quite  a  good  model  for  the  human  arm.  If  resistance  is 
chosen  Z=0,  the  algorithm  turn  into  algorithm  for 
perfectly  conducting  objects  [2-3]. 

Fig.  1  represents  the  time  dependence  of  arc  current 
for  different  arc  resistances.  It  can  be  seen  that  with 
increasing  the  surface  resistivity  arc  current  drops  in 
magnitude.  This  conclusion  is  done  for  the  homogeneous 
resistance.  It  can  be  chosen  such  a  distribution  of  surface 
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resistance,  that  not  allows  the  redischarge  of  the  body 
at  all  due  to  the  losses  of  energy. 
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Fig.  2.  Distribution  of  maximums  of  radiated  H-fields 
of  ESD  from  spheroid:  a=0.31m,  b=0.05m, 
static  voltage  V0=5kV,  arc  length  h=0.3  mm,  A- 
perfectly  conducting  body,  B,  C  -  homogeneous 
impedances  Z=37.7  Ohm,  377  Ohm,  C- 
inhomogeneous  distribution:  Z=l/L  Ohm, 
where  L  is  distance  along  the  generating  line. 

Fig.2  represents  distribution  of  maximums  of 
radiated  H-fields  of  ESD  from  spheroid:  a=0.31m, 
b=0.05m,  for  the  fixed  moment  t  and  for  different 
values  of  surface  impedance,  the  arc-length  in  this  case 
is  equal  h=0.3  mm.  In  case  of  perfectly  conducting 
spheroid  the  maximum  of  the  pattern  can  be  seen  at 
angle  0  =  30°.  From  this  we  can  made  conclusion  that 
scattered  field  consists  of  high  frequency  components. 
While  the  value  of  surface  impedance  arises,  the 
magnitude  of  scattered  field  drops  and  pattern  has 
tendency  to  change  to  circle  shape.  That  means  that 
high  frequency  components  are  not  radiated  from  the 
lossy  surface. 

3.  CONCLUSION 

Developed  algorithm  gives  possibility  to  carry  out 
computer  simulation  of  electrostatic  discharge  from 
perfectly  conducting  as  well  as  from  resistive  objects. 
Former  objects  are  interesting  for  the  problem  of 
modeling  of  discharge  from  parts  of  human  body 
(hand,  for  example).  Algorithm  is  tested  in  scattering 
problems  against  literature  data.  In  case  of  perfectly 
conducting  bodies,  comparison  with  experimental  data 
shows  sufficient  accuracy  of  the  method.  Using  this 
algorithm  for  ESD  modeling  we  have  found  that 
surface  impedance  can  reduce  radiated  during 
discharge  fields  and  change  the  shape  of  radiated 
pattern.  This  information  is  very  useful  for  reducing 
malfunctions  of  electronic  equipment  by  ESD. 

4.  ACKNOWLEDGMENT 

We  want  to  thank  the  Volkswagen  Foundation  for 
sponsoring  this  work. 


5.1.  D.  Pommerenke,  'ESD:  transient  fields,  arc 
simulation  and  rise  time  limit',  Journal  of  Electrostatics 
36(1995),  pp.  31-54 

5.2.  R.  Zaridze,  D.  Karkashadze,  R.G.  Djobava,  D. 
Pommerenke,  M.  Aidam,  'Calculation  and  measurement 
of  transient  fields  from  voluminous  objects',  EOS/ESD 
Symp.,  Phoenix,  Arisona,  USA,  1995,  pp.95-100 

5.3.  R.G.  Jobava,  D.  Karkashadze,  R.  Zaridze,  P. 

Shubitidze,  D.  Pommerenke,  M.  Aidam,  'Numerical 
Calculation  of  ESD',  EOS/ESD  Symp.,  Orlando,  Florida, 
USA,  1996,  pp.203-21 1 

5.4.  H.  Mieras,  C.L.  Bennett,  'Space-time  integral 
approach  to  dielectric  targets',  IEEE  Trans.  Antennas 
Propagat.,  Vol.  AP-30,  pp.  2-9,  1982 

5.5.  A.J.  Poggio,  E.K.  Miller,  'Integral  equation 
solutions  of  three-dimensional  scattering  problems'  in 
'Computer  Techniques  for  Electromagnetics',  Oxford: 
Pergamon  Press,  1973,  pp.  159-264 

5.6.  Meek  and  Craggs,  'Electrical  Breakdown  of  Gases', 
New  York:  J.Wiley&Sons,  1978 

5.7.  Bennett  C.  L.,  'Time  Domain  Solution  of  Transient 
Problems.  In:  Lectures  on  Computational  Methods  in 
Electromagnetis'  (Ed.:  Harrington  R.  F.,  Wilton  D.  R., 
Butler  C.  M.,  Mittra  R.,  Bennett  C.  L.),  St.  Cloud, 
SCEEE  Press,  1981 

5.8.  R.  Mittra,  'Integral  equation  methods  for  transient 
scattering'  in  'Transient  Electromagnetic  Fields’  by  L.B. 
Felsen,  Berlin:  Springer  Verlag,  1976,  pp.  73-126 

5.9.  G.  A.  Mesyats,  'Physics  of  pulse  breakdown  in 
gases',  Moscow,  Nauka  Publisher,  1990,  ISBN  5-02- 
014173-9  in  Russian. 

5.10. J.  Mautz,  R.  Harrington,  'Radiation  and  scattering 
from  bodies  of  revolution',  Appl.  Sci.  Res.  June  20  1969, 
pp.  405-434 

5.1  l.M.  Belkina,  'Radiation  characteristics  of  the 
prolonged  ellipsoid  of  rotation'.  Electromagnetic  waves 
diffraction  by  the  bodies  of  revolution,  Moscow,  1957, 
pp.  126-174,  in  Russian 

BIOGRAPICAL  NOTE 

Phridon  I.  Shubitidze  was  bom  in  Kochara,  Georgia 
(FSU),  on  January  20,  1975.  He  received  M.S.  in 
Radiophysics  in  1994  from  Sukhumi  University  and 
Ph.D.  in  Radiophysics  in  1997  from  Tbilisi  State 
University.  He  is  member  of  Laboratory  of  Applied 
Electrodynamics  of  Tbilisi  State  University.  His  research 
covers  computer  simulation  of  transient  electromagnetic 
phenomena,  especially  in  EMC  applications. 


5.  REFERENCES 


XII 

IMMUNITY 


EMC  98 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


METHOD  OF  CALCULATING  FACSIMILE  IMAGE  QUALITY  FOR  IMMUNITY  TESTING 


Yoshiharu  HIROSHIMA*,  Ryoichi  OKAYASU**,  Toshiko  TOMINAGA*,  and  Nobuo  KUWABARA* 
*NTT  Multimedia  Networks  Laboratories,  **NTT  Technical  Assistance  and  Support  Center 
9-11  Midori-Cho  3-Chome  Musashino-Shi,  Tokyo  180-8585  Japan 


The  proposed  method for  evaluating  the  image  quality 
of  facsimile  output  reduces  evaluation  time  and  cost. 

The  quality  calculated  from  five  parameters  obtained 
from  the  original  and  evaluated  images  was  compared 
with  that  judged  by  40  subjects.  The  results  for 
immunity  testing  indicated  a  positive  correlation. 

1.  INTRODUCTION 

Improved  immunity  testing  is  required  for 
evaluating  the  performance  of  information  technology 
equipment.  Immunity  testing  is  done  by  injecting  the 
equipment  under  test  (EUT)  with  various 
electromagnetic  noises  and  measuring  the  degradation 
in  performance.  In  immunity  testing,  the  methods  for 
injecting  noise  arc  standardized[l],  [2],  but  no  methods 
for  measuring  the  degradation  in  performance  have 
been  developed  yet. 

In  immunity  testing  of  facsimiles  we  measure  the 
errors  in  operation  and  the  degradation  in  output  image 
quality.  While  operation  errors  are  easily  measured, 
measuring  image-quality  degradation  requires 
determining  the  mean  opinion  score  (MOS)  of  many 
subjects.  A  simple,  inexpensive  method  is  needed  to 
determine  this  subjective  MOS. 

In  this  paper,  we  have  developed  a  method  for 
measuring  the  immunity  of  facsimiles  by  calculating 
the  MOS  from  the  differences  between  the  original 
image  and  the  evaluated  image. 

2.  PROPOSED  METHOD 

A  method  for  measuring  the  transmission 
characteristics  of  a  communication  line  and  facsimile 
by  calculating  the  MOS  from  the  differences  between 
the  original  page  and  the  evaluated  image  has  been 
reported[3].  Here, the  evaluated  image  was  facsimile 
output.  However  it  is  difficult  to  use  this  method  for 
measuring  the  immunity  of  facsimiles,  because  it 
cannot  separate  the  degradation  caused  by 
communication  line  transmission  characteristics, 


facsimile  transmission  characteristics  and  various 
electromagnetic  noises.  So  a  new  method  for 
measuring  the  immunity  of  facsimiles  independent  of 
the  communication  line  transmission  characteristics 
and  facsimile  transmission  characteristics  is  needed. 

In  our  proposed  method,  MOS  is  calculated  from 
the  differences  between  the  original  image  and  the 
evaluated  image.  Here,  the  original  image  is  the 
facsimile  output  without  added  noise  and  the  evaluated 
image  is  the  facsimile  output  with  added  noise.  Since 
the  original  and  evaluated  images  both  have  the  same 
degradation  caused  by  transmission  characteristics  of 
the  communication  line  and  facsimile,  the  differences 
between  the  images  are  caused  by  various 
electromagnetic  noises. 

The  flow  of  the  MOS  calculation  is  shown  in  Fig.  1. 
The  arrows  express  the  transmission  of  control  signals 
and  data.  The  facsimile  output  page  is  scanned  by  an 
image  scanner  whose  resolution  (600  dpi)  is  set  higher 
original  image  and 


Fig.  1  Flow  of  MOS  calculation 
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Fig.  2  Reduction  of  resolution 

than  that  of  the  facsimile  output  (200  dpi)  to  reduce 
read  errors  during  scanning.  The  resolution  is  then 
reduced  to  that  of  the  facsimile  output  by  an  image¬ 
reading  controller.  The  method  of  resolution  reduction 
is  shown  in  Fig.  2.  When  more  than  half  of  the  units  in 
a  3  X  3  group  in  the  higher  resolution  image  are  black, 
then  the  unit  of  lower  resolution  is  set  to  black. 
Otherwise  it  is  set  to  white.  Both  the  original  image  and 
the  evaluated  image  are  stored  in  memory  by  an  image- 
file  manager. 

The  position  of  the  evaluated  image  is  adjusted  to 
that  of  the  original  image  by  an  image-adjusting 
manager.  And  sections  for  comparison  (called  the 
compared  sections)  are  then  selected  from  the 
evaluated  image. 

Noise  creates  black  areas  in  the  evaluated  images; 
several  sections  containing  these  areas  are  among  those 
selected  for  comparison. 

The  differences  between  the  original  and  evaluated 
images  are  calculated  for  the  compared  parts  by  a 
difference-calculation  manager.  Five  parameters 
are  used  to  evaluate  the  calculated  MOS: 

N\  number  of  compared  sections; 

L.  for  each  compared  section,  the  maximum  vertical 


width  ot  the  black  area; 

W:  for  each  compared  section,  the  maximum  horizontal 
width  of  the  black  area; 

B:  for  each  compared  section,  the  value  expressed  as 
B  ={B1  -B2  )/B2,  where  Bl  is  the  number  of  black 
image  units  comprising  the  desired  image,  and  B2  is 
the  number  of  black  image  units  in  the  same  section 
of  the  original  image; 

K\  for  each  compared  section,  the  self-correlation 
coefficient  between  neighboring  image  units  in  the 
same  section  of  the  original  image  expressed  as 
m  i  m  |  m 

m0(t)  -- e  1 0(0)  •  (/0('+1)--£i/o('+1)) 

=====  ,  ~ .  (i) 

m  1  «i  m  1  * 

E(/o(0-sE  ;o(0)  -  2(/o(t+l)--  S  7o(r+l))2 

i= 1  i=l  i=l  i=l 

where  Io(t)  is  the  t-th  image  unit  (Io(t)= 0  when  the  unit 
is  white  and  1  when  the  unit  is  black)  and  m  is  the 
number  of  image  units  per  scanning  line. 

The  MOS-calculation  manager  calculates  the  MOS 
using  Eqs.  (2)  and  (3). 

At  Af=l, 

MOS~a(?  +al  log L  +a2  log W  +a3  logS  +a4  logX, 

(2) 

N  >1, 

MOS =b0+bl  logMOS(min)+62  log/Y,  (3) 

where  MOS(min)  is  the  minimum  MOS  calculated  for 
each  compared  part.  The  coefficients  aO,  al,  a2,  a3,  a4 , 
bO ,  bl,  and  b2  are  determined  so  as  to  minimize  the 
deviation  between  the  calculated  MOS  and  the 
subjective  MOS,  where  the  subjective  MOS  data  used 
to  determine  the  coefficents  is  obatined  independently 
from  the  subjective  MOS  for  experiment. 

3.  EXPERIMENTAL  RESULTS 


radiated 


The  test  setup  we  used  to  measure  the  immunity  of 


Fig.  3  Experimental  setup  used  to  measure  performance  of  MOS  calculation 
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Fig.  4  Original  image  to  be  measured 
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(3)  Print  previous  line  error 


images  to  be  measured  is  shown  in  Fig.  4.  Four 
different  original  A4  images  were  used  (three 
facsimile  test  charts  and  one  newspaper  page). 

There  were  two  types  of  electromagnetic  noise: 
one  was  directly  injected  into  equipment  like  a 
radiated  disturbance  or  static  discharge,  and  the  other 
was  injected  into  equipment  through  power  cable  or 
telecommunication  cable  like  a  conducted 
disturbance  or  electrical  fast  transient  burst  (EFT/B) 
noise.  In  Fig.  3  radiated  disturbance  and  static 
discharge  were  directly  injected  into  the  facsimile 
under  test  (EUT-FAX).  The  conducted  disturbance 
was  injected  into  EUT-FAX  through  the  power  cable. 
EFT/B  noise  was  injected  into  EUT-FAX  through  the 
telecommunication  cable.  They  were  injected 
separately.  And  the  subjective  MOS  for  the  facsimile 
output  by  the  auxiliary  facsimle  (AE-FAX)  was 
compared  with  the  calculated  MOS.  This  subjective 
MOS  was  given  by  40  non-expert  subjects. 

Various  types  of  degradation  of  the  facsimle 
output  are  shown  in  Fig.  5:  (1)  a  scan-line  error,  (2)  a 
line  deletion  error,  (3)  a  print  previous  line  error,  and 
(4)  other  types  of  error.  Radiated  disturbance  causes 
all  types  of  degradation  at  almost  the  same  rate.  Static 
discharge  makes  line  deletion  and  print  previous  line 

©©©©© 

©©©©© 
©>©  .  ©© 
0©  ®© 
©<JD©@© 

(2)  Line  deletion  error 

^  K&  ^  KiP  <& 


(4)  Other  types  of  error 
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Fig.  5  The  various  types  of  degradation  of  the  facsimile  output 


calculated  MOS  calculated  MOS 
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errors  at  almost  the  same  rate.  Conducted  disturbance 
makes  line  deletion  and  print  previous  line  errors. 
Most  of  the  degradation  caused  by  EFT/B  noise  is 
scan-line  errors. 

Correlation  results  between  subjective  MOS  and 
calculated  MOS  for  each  degradation  are  shown  in 
Fig.  6.  In  this  figure,  (1)  shows  the  correlation  for 
scan-line  errors.  (2)  for  line  deletion  errors.  (3)  for 
print  previous  line  errors,  and  (4)  for  other  errors. 
Among  the  calculated,  15  became  more  than  MOS  5, 
so  these  were  removed  from  Fig.  6.  Also  data  whose 
subjective  MOS  was  under  2  were  removed  from  Fig. 

6,  because  there  is  no  need  to  evaluate  an  image  that  is 
clearly  distorted,  while  if  the  MOS  of  the  data  is 
above  3,  they  are  difficult  to  evaluate.  In  this  figure, 
the  horizontal  line  shows  the  subjective  MOS  and  the 
vertical  line  shows  the  calculated  MOS.  The  black 
squares  show  the  correlation  for  radiated  disturbance, 
the  black  circles  for  static  discharge,  the  white  squares 
for  conducted  disturbance,  and  the  white  circles  for 
EFT/B  noise. 

For  (1)  and  (4)  the  correlation  factors  were  0.88 
and  0.81  respectively,  which  indicate  strong  positive 
correlation.  For  (2)  the  correlation  factor  was  0.30, 
which  indicates  weak  positive  correlation.  And  for 
(3)  the  correlation  factor  was  -0.05,  which  indicates 
almost  no  correlation. 

The  correlation  results  between  subjective  and 
calculated  MOS  for  all  degradations  are  shown  in  Fig. 

7.  The  overall  correlation  factor  was  0.41, 


4.  CONCLUSIONS 

Our  new  method  for  evaluating  the  image  quality  of 
facsimile  output  reduces  evaluation  time  and  cost. 
The  quality  calculated  from  five  parameters  obtained 
from  the  original  and  evaluated  images  was 
compared  with  that  judged  by  40  subjects.  The  results 
for  immunity  testing  show  that  this  method  can  be 
used  for  measuring  the  immunity  of  facsimiles  for 
some  types  of  degradation.  Future  work  should 
investigate  a  method  of  objective  evaluation  which 
has  a  higher  correlation. 

5.  REFERENCES 

[1] IEC  610004-2:  "Electrostatic  discharge  immunity 
test",  Jan.  1995. 

[2] IEC  61000-4-4:  "Electrical  fast  transient/burst 
immunity  test",  Jan.  1995. 

[3] NTT,  AT &T,  and  CPRM-Marconi:  "International 
Verification  Test  Results  on  the  NTT  Model  for 
Evaluating  Facsimile  Image  Quality",  ITU- 
Telecommnication  Standardization  Sector,  Q.2/SG2, 
Manila  meeting,  July  18-23,  1996. 

BIOGRAPHICAL  NOTE 

Yoshiharu  HIROSHIMA  was  bom  in  Akita,  Japan  in 
1962.  He  received  the  B.E.  and  M.E.  degrees  in 
electrical  and  communication  engineering  from 
Tohoku  University.  He  is  currently  a  Research 
Engineer  in  Electromagnetic  Environment  Research 
Group  of  Multimedia  Networks  Laboratories,  NTT. 
Since  joining  NTT,  he  has  been  engaged  in  research 
and  development  on  immunity  measurement  for 
telecommunication  systems. 


EMC  98 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


EFFECTS  OF  ELECTROMAGNETIC  INTERFERENCES 
ON  OPERATIONAL  AMPLIFIERS  * 


Jerzy  F.Kotodziejski 

Institute  of  Electron  Technology,  02-668  Warszawa,  Al.  Lotnikow  32/46,  Poland 
tel.  (22)  847  26  61,  fax  (22)  847  06  31,  e-mail  :  jekolo@ite.waw.pl 
Marek  Skorupski 

Technical- Agriculture  Academy,  Telecommunication  and  Electrotechnical  Department,  Poland 
85-796  Bydgoszcz,  ul.  Kaliskiego  7,  tel.  (52)  340  83  97,  fax  (52)  340  83  10 


Abstract.  In  the  work  some  results  of  simulation  and 
experimental  investigations  are  given,  concerning  the 
susceptibility  of  operational  amplifiers  (OpAmps)  to  e- 
lectromagnetic  interferences  (EMI).  The  effects  of  EMI, 
mainly  hf  (out-of-band)  in  the  form  of  short  pulses,  on 
the  inputs  of  OpAmps  and  on  their  power  supply  lines 
are  considered.  Conventional  (voltage  dependant)  and 
current  feedback  amplifiers  (FCAs)  are  taken  into  ac¬ 
count.  Final  conclusions  embrace  some  practical  re- 
cornmen  dati  ons. 

1.  INTRODUCTION 

Operational  amplifiers  like  any  other  elements 
and  electronic  circuits  are  very  often  exposed  to  undesi¬ 
red  effects  of  disturbing  signals.  Particular  type  of  these 
signals  represent  hf  interferences  which  are  mainly 
spread  out  as  electromagnetic  waves.  As  their  sources 
one  can  point  out  radio  and  TV  stations,  radars,  tele¬ 
communication  transmitters  etc.  Electromagnetic  ra¬ 
diation  may  induce  variable  currents  of  respective 
frequencies  in  the  lines  and  cables  connected  to  elec¬ 
tronic  equipment.  In  the  case  of  electromagnetic  field  of 
high  energy,  the  induced  voltage  levels  can  be  so  high 
that  they  could  be  able  to  disturb  the  function  of  ampli¬ 
fier  and  cooperating  circuits.  Transistor  in  the  amplifier 
input  stage  works  as  a  detection  diode.  Interferences 
coming  to  the  input  are  then  rectified  and  can  pass  to 
the  next  stages  of  the  amplifier  [6,  7,  16,  18], 

Various  kind  of  high  speed  digital  circuits  can  al¬ 
so  be  recognized  as  possible  and  dangerous  sources  of 
unwanted  hf  signals.  Inteferences  produced  by  digital 
circuits  have  usually  the  form  of  random  or  periodic 
pulses.  They  can  reach  the  circuits  with  operational 
amplifiers  through  direct  couplings  of  conductive  or 
capacitive  character.  As  an  example  it  can  be  shown 
that  TTL  switching  signals  coupled  through  0.5  pF  ca¬ 
pacitance  to  I  MD  resistor  may  induce  voltage  pulses 
of  nearly  5  V  amplitude  and  duration  about  100  ns  [6], 

*  Partially  supported  by  KBN,  project  nr  8T1  IB  06710 


The  presence  of  electromagnetic  interferences 
with  frequencies  higher  than  the  specified  bandwidth 
of  operational  amplifier  creates  the  real  threath  for  re¬ 
liable  work  of  the  amplifier.  It  is  well  known  that  such 
signals  induce  constant  voltage  of  the  significant  level 
at  the  output  of  amplifier  [6,  7,  8,  14,  15,  16], 

Equally  undesired  influence  may  have  interferen¬ 
ces  appearing  on  the  supply  lines  of  operational  ampli¬ 
fier.  They  produce  additional  variable  signals  at  the 
amplifier  output.  The  disturbance  of  amplifier  response 
can  result  from  short  step-like  changes  of  supply  volta¬ 
ge,  which  generate  voltage  pulses  of  relatively  high 
amplitude  [15], 

Although  the  majority  of  OpAmps  are  designed  to 
work  with  harmonic  (sinusoidal)  signals,  it  is  not  justi¬ 
fied  to  regard  only  this  signal  category  during  the  i- 
nvestigations  of  amplifiers  susceptibility  to  electroma¬ 
gnetic  interferences.  The  effects  of  hf  (wideband)  inter¬ 
ferences  are  sufficiently  specific  and  significant  to  be 
considered  as  well. 

2.  PULSE  INTERFERENCES  AT  OP  AMP 
INPUTS 

It  could  seem  that  the  signals  with  frequencies  exce¬ 
eded  the  frequency  ft,  corresponding  to  the  unity  gain  of 
the  amplifier,  should  not  be  transferred  throughout  the 
circuit  but  rather  strongly  suppressed.  However,  it  is 
commonly  known  that  this  kind  of  signals  produce  re¬ 
latively  high  steady  voltage  at  the  output  of  the  ampli¬ 
fier,  even  in  the  case  the  average  (mean)  value  of  the 
input  signal  is  equal  zero  [7,  14.  15,  16,  18],  As  a  basic 
reason  of  this  phenomena  the  asymmetry  between  the 
slopes  of  raising  and  falling  edges  of  the  output  voltage 
is  given:  |  SR+|  *  |  SRj. 

When  |  SR4 1  >|  SRj  the  steady  voltage  at  the  output  is 
positive  and  when  |  SRj  >  |  SR+|  -  negative. 

Taking  the  above  explanation  into  account  one 
could  conclude  that  it  would  be  possible  to  avoid  the 
generation  of  additional  steady  voltage  using  the 
amplifier  with  equal  values  of  |SR+|  and  |SRj. 
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However,  the  detailed  investigations  and  computer  si¬ 
mulation  not  allow  to  accept  this  assumption  as  a  suf¬ 
ficient  condition. 

Let  consider  the  response  of  noninverting  circuit 
stimulated  by  the  voltage  pulse  of  amplitude  U;  and  du¬ 
ration  f.  In  the  case  of  ideal  circuit,  output  voltage 
would  have  the  form  of  voltage  pulse  with  the  amplitu¬ 
de  U0  =  G  U,  and  duration  f,  where  G  means  the  circuit 
gain.  But  in  practice  the  amplifier  bandwidth  is  limited 
by  frequency  ft  what  causes  that  the  change  of  output 
voltage  follows  exponential  curve  with  the  time  con¬ 
stant  xc  >  0 

Xc  =  l/27tfc  (1) 

where  fc  =  ft/G. 

Also  the  second  factor  should  be  regarded,  namely 
the  limitation  of  current  which  charges  the  inherent 
capacitance ,  Ck,  designed  for  compensation  amplifier 
frequency  characteristic.  It  confines  the  output  voltage 
raising  rate  to  certain  maximal  value  SR+. 

The  circuit  response  will  then  change  in  the  fol¬ 
lowing  way: 

-  initially  the  voltage  raises  linearly  with  the  slope 
equal  SR+ 

U0(t)  =  SR' t  (2) 

right  for  the  range  of  time  0  <  t  <  tx+ 
where 

U,G 

t*+  = - tc  (3) 

SR" 

-  afterwards  linear  time  dependence  is  followed  by 
exponential  one 


t-t/ 

U0(t)  =  UjG  -  SR+xc  exp  ( - )  (4) 

•tc 

right  for  the  range  of  time  tx+  <  t  £ 1,. 

After  the  time  interval  of  tj,  output  voltage  reaches 
the  value  of  U0(tj).  It  is  worth  to  notice  that  in  the  case 
when  tx+  <  0  the  output  voltage  will  change  exponen¬ 
tially  already  from  the  starting  point  to,  with  the  time 
constant  xc. 

The  process  of  falling  the  output  voltage  begins  at 
the  end  of  stimulating  pulse.  Similarly  like  above,  the 
initial  part  can  be  approximated  by  straight  line  with 
the  slope  SR' 

U0(t)  =  U0(ti)-SR't  (5) 

right  for  the  time  range  t,  <  t  <  tx' 
where 

Uo(ti) 

tx'  =  .  xc  (6) 

SR' 

Further  fall  of  output  voltage  can  be  described  as 

t-tx' 

U0(t)  =  [Uo(ti)  -  SR'  tx]  exp  ( . —  )  (7) 

for  t  >  tx'. 

The  considered  process  of  changing  the  output  voltage 
of  noniverting  amplifier  circuit  is  illustrated  in  Fig.  1. 

If  time  constant  xc  is  significantly  greater  than  tj , 
the  output  voltage  at  the  moment  t,  reaches  the  value 
U0(tj)  <  Gif  .  In  this  case, even  when  |  SR+|  =  |SR'|  =  S, 


Fig.  1  Output  voltage  of  noninverting  amplifier  after  its  stimulation  by  rectangular  pulse:  left  picture  -  time  con¬ 
stant  tc  <  t| ,  right  picture  -  xc»  tj 
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Fig.  2  Output  voltage  of  operational  amplifier  stimula¬ 
ted  by  two  short  pulses 


the  time  necessery  for  output  voltage  U0  to  fall  to  zero 
is  longer  than  t; ,  Fig.  2. 

There  is  a  difference  between  the  time  interval 
needed  for  output  voltage  to  rise  from  initial  value  of 
zero  to  the  value  of  U0(t,)  and  the  time  interval  needed 
for  output  voltage  to  return  again  to  zero.  The  differen¬ 
ce  results  from  the  fact  that  circuit  gain  G  forces  faster 
rise  of  output  voltage  (up  to  the  theoretical  level  GUj) 
than  could  have  the  falling  process,  which  begins  at  the 
end  of  input  pulse.  If  a  next  pulse  occurs  at  the  input, 
before  the  output  voltage  falls  to  zero,  it  stops  the  fall 
and  causes  the  repeated  rise  of  the  voltage  -  but  this  ti¬ 
me  from  the  initial  value  Uo(T)  >  0.  Since  that,  after 
the  time  interval  t,  ,  output  voltage  achieves  higher 
level  than  in  the  case  of  duration  of  previous  pulse:  U0 
(T  +  t,  )  >  Uc(t, ).  The  phenomenon  will  be  repeated 
with  each  subsequent  pulse  and  will  be  more  pronoun¬ 
ced  for  smaller  value  of  |  SR+  |  as  well  as  at  higher 
frequency  of  input  signal. 

More  complicated  situation  we  experienced 
when  the  hf  pulse  signal  (with  f  »  ft)  is  given  to  the 
input  of  operational  amplifier.  In  this  case  the  duration 
of  single  pulse  is  considerably  shorter  than  the  time  of 
linear  work  of  the  amplifier  circuit  t, «  tx  .  Hence,  the 
output  voltage  increases  or  decreases  linearly.  The  short 
duration  of  disturbing  pulses  has  also  another  consequ¬ 
ence.  Integrating  circuit,  responsible  for  the  correction 
of  amplifier  frequency  characteristic,  can  not  keep  up 
with  the  fast  changes  of  output  voltage  (t,  «  t).  Input 
signal  oscillates  around  the  steady  component  which 
simultaneously  rises  exponentialy  with  certain  time 
constant  t'.  In  this  manner,  integrated  steady  compo¬ 
nent  of  the  signal  is  transfered  from  the  input  to  the  o- 
utput  amplified  by  G.  Output  voltage  will  be  then  com¬ 
posed  of  the  amplifier  responses  to  the  hf  pulses  as  well 
as  to  steady  component  of  the  input  signal,  which  is 
proportional  to  its  repetition  rate  a  (where  a  =  t;  /T,  0  < 
a  <  1).  Becuse  the  output  voltage  can  not  rise  faster 
than  at  the  rate  determined  by  the  slope  of  output  volta¬ 
ge  S,  the  presence  of  steady  component  has  no  influen¬ 
ce  on  the  speed  of  rise.  However,  it  contributes  to  the 


Fig.  3  Output  voltage  of  operational  amplifier  stimula¬ 
ted  by  hf  interferences  :  input  signal  is  integrated  ; 
steady  component  of  output  voltage  tends  exponentially 
to  value  Uodc  ;  variable  component  oscillates  around 
Uodc  with  constant  peak-to-peak  value. 

decreasing  of  output  voltage  falling  rate  during  the  in¬ 
tervals  between  disturbing  pulses. 

The  final  effect  is  expressed  as  gradual  increase  of  the 
output  voltage  proceeded  up  to  the  moment  the  steady 
component  reaches  the  value  of  G  U,  av  ,  Fig.  3.  On  its 
way  to  the  saturation  output  voltage  oscillates  around 
the  value  of  G  Uiav  with  the  amplitude  S  t, . 

The  described  behaviour  of  operational  ampli¬ 
fiers  was  confirmed  by  the  results  of  computer  simula¬ 
tion  with  the  help  of  PSPICE  programm.  Three  ampli¬ 
fiers  -  bipolar  OP  77  and  two  other  with  current  fe¬ 
edback  -  AD  844  and  AD  8001  were  analyzed  in  deta¬ 
ils.  The  last  two  amplifiers,  with  the  equal  slew  rates 
SR+  =  SR',  were  configurated  as  the  voltage  followers. 

OpAmp  OP  77  has  rather  small  slew  rate  - 
measured  value  was  equal  0.21  V/ps.  When  stimulated 
by  train  of  pulses  with  amplitude  U;  =  1  V  and  frequen¬ 
cy  about  few  tens  kHz  (closed-loop  bandwidth  BW 
specified  by  manufacturer  is  equal  400-600  kHz),  the 
amplifier  exhibits  a  tendency  to  integrate  the  input  si¬ 
gnal.  The  time  characteristic  of  output  voltage  can  be 
taken  as  typical  for  the  effect  of  interferences  with  out- 
of-band  frequencies.  Evidently,  the  characteristic  re¬ 
sults  not  from  the  asymmetry  of  SR+  and  SR'  but  from 
their  small  values,  which  reveal  their  influence  already 
at  relatively  low  frequencies.  The  observed  limitation  of 
output  voltage  raising  rate  may  be  used  to  suppress  s- 
hort  disturbing  pulses.  In  the  time  of  pulse  duration  the 
output  voltage  comes  only  to  the  value  of  S  t, .  what  re¬ 
duces  the  interference  influence  on  the  output  voltage. 

CFAs  have  usually  broader  bandwidth  than 
conventional  (voltage)  amplifiers  and  are  more  immune 
to  hf  interferences.  The  integration  of  amplified  hf  in¬ 
put  signals,  having  its  place  at  the  output  of  amplifier, 
proceeds  similarly  like  in  the  case  of  voltage  amplifiers 
but  at  the  higher  frequency  level.  The  large  values  of 
slew  rates  provide  additional  practical  advantage  of 
CFAs.  CFAs  have  the  specific  feature:  their  parameters 
related  to  frequency  band  depend  on  the  value  of  co- 
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Fig.  4  Peak-to-peak  voltage  (amplitude )  of  variable 
component  at  the  amplifier  output  versus:  a)  amplitude 
U,  of  input  interfering  signal  (Rf  =  1  kfi  for  CFAs  and 
R,  =  10  kO  for  OP  77),  b)  value  of  resistor  Rf  for  3 
OpAmps  working  as  voltage  followers(U,  =  1  V). 

upling  resistor  Rf .  3  dB  frequency  band  is  determined 
by  the  expression  f3dB  =  1/  27t  CT  Rf ,  where  Or  means 
the  amplifier  transfer  capacitance  (transcapacitance). 

CFAs  gain  for  inverting  and  noninverting  configu¬ 
rations  depends  only  on  Rf  and  Rx  resistors  and  can  be 
evaluated  with  the  same  equations  like  for  the  conven¬ 
tional  OpAmps.  The  circuit  stability  is  also  dependent 
upon  Rf  [20],  There  is  a  certain  minimal  value  below 
which  the  amplifier  becomes  unstable.  Since  that,  even 
for  voltage  follower  Rf  value  must  be  greater  than  zero. 
Too  small  R,  values  may  increase  CFAs  susceptibility  to 
EMI.  Let  take  as  an  example  AD  844  amplifier  (ft  = 
100  MHz.  SR  =  2000  V/ps)  in  noninverting  configura¬ 
tion.  After  stimulation  its  input  with  hf  signal  (f  =  100 
MHz,  amplitude  =  l  V),  we  observe  the  oscillation  of 
output  voltage  around  certain  value  UoDc,  which  is  the 
function  of  mean  value  of  input  signal  and  circuit  gain. 
For  determined  G  and  Rf ,  large  value  of  SR  is  the  rea¬ 
son  that  the  amplitude  of  output  voltage  oscillations 
rises  linearly  with  increase  of  input  signal.  Fig.  4a. 
Instead,  for  determined  G  and  U, ,  amplitude  of  oscilla¬ 
tions  decreases  nonlinearly  with  the  rise  of  Rf,  Fig.  4b. 
As  can  be  seen  from  the  figures  these  dependencies  are 
valid  only  for  CFAs.  At  large  slew  rate  »  2000  V/ps 


during  the  time  t,  =  5  ns  (it  corresponds  to  frequency  f 
=  100  MHz  and  a  =  0.5),  output  voltage  could  rise  up 
to  10  V  (U0  =  SR  tj).  But  the  raising  rate  of  output  volt¬ 
age  is  limited  by  time  constant  t,  which  increases  pro¬ 
portionally  to  Rf ,  what  in  turn  slows  down  the  process 
of  raising  the  output  voltage.  When  input  pulse  dura¬ 
tion  is  confined,  it  results  in  weaker  oscillations. 

3.  INTERFERENCES  SUPERIMPOSED  ON  POWER 
SUPPLY  LINES 

It  is  well  known  that  to  assure  proper  functioning 
of  OpAmp  its  supply  voltages  should  be  symmetrical 
and  stable.  OpAmps  designers  apply  some  measures  to 
prevent  transfer  of  supply  voltages  changes  to  the  am¬ 
plifier  output.  The  effect  of  these  efforts  is  reflected  by 
the  value  of  PSRR  -  power  supply  rejection  ratio.  Nev¬ 
ertheless,  some  disturbing  phenomena  like  temporary 
loss  of  symmetry  caused  e.g.  by  fast  step-like  changes 
of  one  or  both  supply  voltages  still  remain  threatful. 
Asymmetry  in  supply  voltages  limits  the  circuit  dy¬ 
namic  features  and  contributes  to  an  increase  of  offset 
voltage  Uoff.  Another  effect  of  jumps  in  supply  voltages 
is  generation  of  voltage  pulses  of  relatively 
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Fig.  5  Output  pulse  of  voltage  follower  caused  by  jump 
of  supply  voltage  +  Ucc  versus  :  a)  magnitude  of  jump 
(Rf  =  1  kO  for  CFAs  Rf  =  30  kD  for  OP  77).  b)  value  of 
Rf  resistor  (AUcc  =  -  1  V). 
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high  amplitude  at  the  amplifier  output.  The  pulse  am¬ 
plitude  depends  on  the  jumps  magnitude.  Pulses  are 
positive  for  raising  edges  (increase  of  V"'  or  decrease  of 
V )  and  negative  for  falling  edges.  The  pulse  amplitude 
can  be  partially  reduced  by  heavy  load.  It  was  found 
that  at  the  moderate  loading  of  Op  Amps,  the  values  of 
pulse  amplitude  were  in  the  range  of  450-550  mV  on 
every  IV  change  of  supply  voltage,  independently  of 
circuit  configuration,  gain  and  Rf  value  (for  voltage 
amplifier).  For  CFAs  the  Rf  value  was  significant.  The 
values  of  output  pulse  amplitude  versus  the  magnitude 
of  supply  voltage  changes  and  the  value  of  Rf  resistor 
are  given  in  Fig.  5a  and  5b,  respectively. 

Step-like  changes  of  supply  voltage  cause  the 
change  of  amplifier  offset  voltage,  what  influences  the 
output  voltage  level  in  proportion  to  magnitude  of 
changes  and  Rf  value  (the  test  was  performed  with  input 
terminals  connected  to  zero  level  point  of  supply  lines). 

4.  CONCLUSIONS 

We  have  been  striving  to  show  that  the  effect  of 
integration  of  input  pulse  signals,  with  frequencies 
exceeded  3  dB  amplifier  band,  is  caused  above  all  by 
real  (limited)  parameters  of  OpAmps  like  Ck,  ft,  SR. 
Consequently,  if  we  expect  the  presence  of  hf  interfer¬ 
ences,  to  avoid  generation  of  additional  steady  output 
voltage,  it  is  advisable  to  use  OpAmp  with  greater 
bandwidth.  When  circuit  time  constant  is  smaller  than 
pulse  duration,  hf  signal  is  induced  at  amplifier  output, 
although  without  any  amplified  steady  component.  If 
the  circuit  is  expected  to  be  exposed  to  disturbing  short 
pulses  (glitches)  it  is  recommended  to  chose  OpAmp 
with  small  SR  values. 

CFAs  are  more  immune  to  hf  interferences  (but  with 
f<  ft).  Value  of  Rf  should  be  select  with  care:  smaller 
values  can  extend  amplifier  bandwidth  but  simultane¬ 
ously  they  rise  the  amplitude  of  oscillation  at  the  out¬ 
put. 

Proposed  installation  of  low  pass  filter  at  the  ampli¬ 
fier  inputs  [24]  can  prevent  only  the  disturbing  effect  of 
harmonic  (sinusoidal)  interferences  with  the  mean 
value  equal  zero.  Otherwise,  e.g.  for  the  pulses  shorter 
than  time  constant  of  filter  circuit,  the  steady  voltage 
component  with  the  level  proportional  to  the  repetition 
rate  of  input  pulse  train  will  be  induced  at  the  amplifier 
output. 
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This  paper  presents  the  use  of  the  computer  simula¬ 
tion  for  analysing  the  immunity  of  exemplary  system  to 
atmospheric  discharges.  The  equivalent  circuit  model 
of  the  system  was  constructed.  The  model  made  it  pos¬ 
sible  to  compute  the  system  response  to  arbitrary  input. 
The  model  was  verified  by  comparing  the  calculated 
and  measured  results.  The  verification  proved  to  be 
satisfactory. 

The  effective  ways  of  increasing  the  immunity  to 
atmospheric  discharges  were  developed  with  the  help 
of  the  model. 

1.  INTRODUCTION 

Atmospheric  discharges  are  one  of  the  most  signifi¬ 
cant  threats  to  electrical/electronic  equipment  and  can 
cause  considerable  damage  to  equipment  and  systems. 
This  is  as  a  result  of  the  limited  immunity  of  the 
equipment  and  systems  to  electromagnetic  surges 
which  reach  them  mainly  by  signal,  control  and  power 
lines.  Adequate  lightning  protection  needs  to  be  en¬ 
sured. 

The  intuitive  use  of  standard  countermeasures  often 
proves  ineffective.  Computer  modelling  of  the  system  of 
interest,  including  its  coupling  to  the  lightning  channel, 
may  be  an  effective  way  of  finding  efficient  protection. 
Computer  simulation  allows  the  mechanism  of  damage 
caused  by  lightning  to  be  define  and  the  effectiveness  of 
proposed  protection  measures  to  be  examined.  The 
method  of  analysing  the  immunity  of  an  exemplary 
system  to  lightning,  described  in  this  paper,  may  serve 
as  an  example  of  the  effective  use  of  computer  simula¬ 
tion  for  developing  lightning  protection. 

The  exemplary  system  used  for  the  computer  simu¬ 
lation  was  the  Wroclaw  Town  Hall  Tower  fire  detection 
system.  In  the  past,  thunderstorms  occurring  over  Wro¬ 


claw  Market  Square  often  damaged  a  fire  detection 
system  protecting  Wroclaw’s  famous  Town  Hall.  The 
Town  Hall’s  60m  high  tower,  the  highest  building  in 
the  Square  is  particularly  prone  to  lightning.  To  in¬ 
crease  the  immunity  of  the  system,  standard  lightning 
protection  measures  as  used  for  systems  with  signal  and 
power  lines  were  employed. 

This  method  of  protection  did  not  work  as  expected 
and  therefore  the  task  of  constructing  an  exact  model  of 
the  system  was  undertaken.  This  model  is  to  enable  the 
immunity  of  the  system  to  lightning  to  be  investigated. 
For  the  construction  of  the  model  circuit  theory  meth¬ 
ods  of  analysis  of  the  system  were  employed.  The  use  of 
circuit  theory  methods  of  analysis  instead  of  field  the¬ 
ory  methods  (e.g.  [1],  [4],  [5])  simplifies  the  calcula¬ 
tions  necessary.  An  equivalent  circuit  representation  of 
the  coupling  between  the  fire  detection  system  and  the 
lightning  conductor  can  be  employed  because  the  sys¬ 
tem  is  situated  close  to  the  lightning  conductor  (of 
course  only  for  the  limited  frequency  spectrum  of  light¬ 
ning  [3]). 

2.  WROCLAW  TOWN  HALL  TOWER 
FIRE  DETECTION  SYSTEM 

The  lightning  protection  system  of  the  Town  Hall 
Tower  consists  of  two  vertical  conductors  running  par¬ 
allel  to  the  tower. 

To  simplify  the  calculation  it  was  assumed  that  the 
lightning  current  flows  along  a  single  path  i.e.  along 
one  lightning  conductor.  It  was  also  assumed  that  the 
lightning  conductor  was  a  part  of  lightning  channel. 

The  fire  detection  system  consist  of  several  signal 
lines,  some  of  which  run  parallel  to  the  lightning  con¬ 
ductors  for  a  significant  length.  These  cables  go  from 
the  top  of  the  tower  to  a  control  module  on  the  ground 
floor. 
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The  fire  detection  system  may  be  divided  into  three 

main  parts: 

•  sensors  which  detect  the  increase  of  smoke  and 
temperature  levels  and  transform  the  information 
into  electric  signals, 

•  dual  signal  lines  connecting  sensors  with  a  control 
unit, 

•  control  module  which  reads  information  from  signal 
lines  and  generates  alarm  signals;  it  also  supplies 
power  to  sensors  using  the  same  lines. 


Fig.  1.  Simplified  block  diagram  of  the  system. 

A  single  signal  line  parallel  to  a  lightning  conduc¬ 
tor  was  chosen  to  analyse  the  system  immunity.  This 
signal  line  goes  from  the  top  of  the  Tower  to  the  control 
module  placed  at  the  bottom  of  it.  The  average  distance 
from  the  nearest  lightning  conductor  is  approx.  5  m. 

Sensors  are  connected  in  parallel  to  this  signal  line, 
every  2  m.  Their  positioning  to  the  lightning  conductor 
is  random.  Up  to  32  sensors  are  connected  to  one  signal 
line.  Fig.  1  shows  a  simplified  block  diagram  of  the  fire 
detection  system. 

3.  SIMPLIFIED  SIMULATION  MODEL 
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Fig.  3.  Single  section  of  the  coupling  between  the  sig¬ 
nal  line  and  the  lightning  conductor. 

Fig.  4  shows  a  complete  model  of  the  sensor  [6],  A 
direct  coupling  between  the  lightning  conductor  and 
certain  elements  of  the  sensor  was  taken  into  account. 
Particularly  important  is  the  coupling  (represented  by 
Cs)  of  the  screen  of  the  ionisation  chamber  with  the 
lightning  conductor,  because  of  the  size  of  the  element. 
All  additional  elements  are  shown  on  the  drawing. 


Faithful  modelling  of  the  system  together  with  the 
lightning  conductor  requires  exact  modelling  of  every 
element  of  the  system  and  every  coupling  path  between 
the  system  and  the  lightning  conductor. 

The  control  module  [6]  is  represented  by  the  model 
of  its  input  circuits  shown  in  Fig.  2. 
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Fig.  2.  Simplified  diagram  of  the  control  module 


A  coupling  between  the  fire  detection  system  and 
lightning  conductor  was  modelled  using  an  equivalent 
circuit  representation.  The  coupling  paths  were  repre¬ 
sented  by  additional  elements  included  into  the  model. 
Their  values  were  obtained  both  by  simple  calculations 
and  simple  measurements. 

Fig.  3  shows  an  equivalent  circuit  diagram  of  a  single 
section  of  the  coupling  between  the  fire  detection  sys¬ 
tem  and  the  lightning  conductor.  The  section  is  1  m 
long. 


Fig.  4.  Model  of  the  sensor  with  additional  coupling 
elements. 

Fig.  5  shows  a  block  diagram  of  a  coupling  of  a  system 
with  8  sections  (Fig.  3)  with  the  lightning  conductor. 


Symbols  used: 

HBsection  -  a  single  section  of  a  signal  line;  the  dia¬ 
gram  of  this  section  is  shown  in  Fig.  3, 

HBsensor  -  a  sensor  with  additional  coupling  elements; 
the  diagram  of  this  sensor  is  shown  in  Fig.  4, 
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HBcm  -  a  simplified  control  module;  the  diagram  of 
this  module  is  shown  in  Fig.  2, 

HBgenerator  -  a  generator  of  lightning  current, 

4.  MODEL  VERIFICATION 


The  model  was  verified  by  comparing  the  calcu¬ 
lated  and  the  measured  results.  The  excitation  was 
achieved  by  a  source  of  current  surge.  For  verification 
purposes  the  system  was  driven  by  a  1.2/50  8/20  ps 
surge  generator  [2],  The  real  waveform  of  the  driving 
current  was  measured  and  then  reproduced  exactly  in 
the  simulation. 

A  single  line  consisting  of  14  sections  (Fig.  3)  with 
7  sensors  and  loaded  by  the  control  module  equivalent 
circuit  was  measured.  The  distance  between  the  line 
and  the  wire  carrying  the  surge  current  was  approx. 
0.5  m.  The  measurement  was  taken  at  the  input  termi¬ 
nals  of  the  third  sensor  (as  counted  from  the  control 
module).  Common  and  differential  voltages  were 
measured.  The  result  for  the  common  component 
measured  at  positive  terminal  of  the  sensor  is  shown  in 
Fig.  6. 
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Fig.  6.  Common  voltage  component  measured  at  the 
positive  terminal  of  the  third  sensor  for  the 
positive  polarisation  of  the  driving  pulse  (am¬ 
plitude  50  V/div,  time  25  ps/div). 

Fig.  7  shows  the  result  of  measurement  of  differ¬ 
ential  component. 


Fig.  7.  Differential  voltage  component  measured  across 
the  input  terminals  of  the  third  sensor  for  the 
positive  polarisation  of  the  driving  pulse 
(amplitude  10  V/div,  time  1  ps/div). 


The  computer  simulation  was  conducted  for  the  line 
consisting  of  8  sections  using  PSPICE.  Selected  results 
are  shown  in  Fig.  8  to  10. 
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Fig.  8.  Common  voltage  component  at  the  first  sensor 
(as  counted  from  the  control  module). 
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Fig.  9.  Common  voltage  component  at  the  third  sensor. 
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Fig.  10.  Differential  voltage  component  at  the  first 
sensor. 
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Fig.  11.  Differential  voltage  component  at  the  third  Fig.  13.  Computed  differential  voltage  component 
sensor-  across  the  sensor  input  terminals. 


A  comparison  of  measured  and  computed  results 
shows  that  they  are  adequately  compatible.  The  differ¬ 
ences  are  caused  mainly  by  the  limitation  of  the  com¬ 
puter  model  used  for  the  simulation  to  8  sections  while 
14  sections  were  used  for  the  measurement.  The  limited 
accuracy  of  the  model  may  be  another  source  of  error. 

5.  USE  OF  THE  MODEL  FOR  INCREASING 
THE  IMMUNITY  OF  THE  SYSTEM 
TO  ATMOSPHERIC  DISCHARGE 

The  constructed  model  was  employed  for  com¬ 
puter  simulation  of  a  real  system  with  the  distance 
of  5  m  between  the  signal  line  and  the  lightning 
conductor.  Two  sections  (Fig.  3)  and  one  sensor 
were  used  for  the  simulation.  Fig.  12  shows  the 
driving  current  waveform  as  used  for  the  simula¬ 
tion. 
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Fig.  12.  Waveform  of  the  current  surge  used  to  drive 
the  system  in  computer  simulation. 

Fig.  13  and  14  show  the  differential  and  common 
voltage  components  computed  at  the  sensor  input  ter¬ 
minals.  Additionally,  Fig.  15  shows  the  waveform 
computed  at  the  screen  of  the  ionisation  chamber. 


Fig.  14.  Computed  common  voltage  component  at 
the  positive  terminal  of  the  sensor. 


Fig.  15.  Computed  voltage  at  the  screen  of  the  ionisa¬ 
tion  chamber  (the  voltage  between  the  screen 
and  the  bond  of  the  sensor). 

The  computer  simulation  proved  that  the  differential 
component  occurring  in  consequence  of  signal  line 
asymmetry  was  the  main  cause  of  sensor  and  control 
module  damage  during  atmospheric  discharges. 
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The  line  asymmetiy  can  be  easily  reduced  by  symmetri- 
zation  of  the  control  module  input  made  in  the  way 
shown  in  Fig.  16. 


Fig.  16.  Illustration  of  line  symmetrization. 

To  improve  the  symmetry  an  additional  resistor  R,v, 
was  incorporated.  The  value  of  Rws  was  equal  to  the 
value  of  Rw  in  the  control  module  simplified  diagram. 
The  solution  effectiveness  was  checked  with  use  of  the 
two  section  model.  Fig.  17  shows  the  computed  differ¬ 
ential  voltage  component  across  the  sensor  input  termi¬ 
nals. 


Fig.  17.  Differential  voltage  component  across  the 

sensor  input  terminals  after  the  symmetriza¬ 
tion. 


The  result  obtained  indicates  that  the  symmetriza¬ 
tion  gives  significant  reduction  of  the  differential  com¬ 
ponents  level.  Low  price  and  simplicity  of  the  solution 
are  self-evident.  But  apart  from  symmetrization  addi¬ 
tional  means  of  the  signal  line  protection  should  be 
employed.  The  use  of  screened  twisted  pair  of  wires 
which  are  adequately  earthed  may  be  recommended. 

The  simulation  made  it  possible  to  define  the  effec¬ 
tiveness  of  transient  suppressors  connected  to  sensor 
and  control  module  input  terminals.  The  simulation 
proved  that  even  the  use  of  the  effective  protection  of 
the  sensor  input  terminals  did  not  give  the  full  protec¬ 
tion  of  the  sensor.  This  happened  because  of  the  previ¬ 
ously  mentioned  relatively  strong  capacitive  coupling 
between  the  screen  of  the  ionisation  chamber  and  the 
lightning  conductor.  The  use  of  the  adequate  means 


limiting  the  effects  of  this  coupling  is  necessary  to 
obtain  high  immunity  of  the  system  to  atmospheric 
discharge. 

6.  CONCLUSIONS 

It  can  be  concluded  that  the  model  describes  faith¬ 
fully  enough  the  reaction  of  the  analysed  system  to 
selected  pulse  excitation.  For  calculations  aimed  at 
finding  the  immunity  of  the  system  to  lightning,  cur¬ 
rent  surges  with  parameters  typical  of  a  lightning  main 
stroke  should  be  used.  Transient  analysis  computed  for 
a  model  driven  by  a  current  pulse  whose  parameters  are 
similar  close  to  the  real  lightning  pulse  (adequate 
waveform  and  amplitude  of  a  current  surge)  allows 
elements  potentially  causing  system  damage  during 
thunderstorms  to  be  identified  and  the  effectiveness  of 
potential  countermeasures  to  be  defined. 

If  atmospheric  discharges  occur  rarely  it  may 
not  be  possible  to  carry  out  research  of  a  real  system 
and  computer  simulation  may  prove  to  be  the  only  way 
to  recognise  the  mechanism  of  damage.  This  solution 
has  obvious  economic  advantages  and  allows  research 
into  the  immunity  of  equipment  and  systems  to  be  car¬ 
ried  out  quickly. 
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It  is  established  ,  that  at  an 
average,  the  VLF/ELF  emission  intensity 
linearly  grows  with  an  increase  Dst 
variations.  The  connection  of  low 
frequency  noise  amplitude  with  Dst 
variations  reflects  an  growth  of  particle 
quantity  in  the  radiation  belts  causing  to 
increase  of  a  ring  current  energy  and  the 
VLF/ELF  emissions  excitation 

In  this  work  we  examine  the  space- 
temporary  variation  of  the  ELF/VLF 
emission  intensity  and  the  particle  flows 
of  a  ring  current  during  moderate 
magnetic  storm  by  results  of  supervision 
of  "Intercosmos  5"  (noises) and  "Explorer 
45"  (ring  current  particles)  satellites 
simultaneous  flights.  The  joint 
consideration  of  the  two  given  satellites 
has  allowed  to  make  some  conclusions: 

-  area,  where  the  emission 
amplitude  is  maximum  and  where  these 
emissions  probably  excited,  coincide  or 
are  very  close  to  the  area  of  a  ring 
current, 

during  the  geomagnetic 
disturbance  similar  space  movement  of 
these  areas  occur, 

-  by  estimations  movements  of  the 
VLF  emission  generation  areas  it  is 
possible  to  judge  changes  of  average 
radius  of  the  ring  current  and  the  speed  of 
this  change. 

It  seems  that  in  process  of  the 
ELF/VLF  emission  excitation  in  the 
plasmasphere  some  mechanisms  will  be 
realized  Listed  above  facts  permit  to 
make  the  assumption  about  an 
opportunity  of  generation  of  a  part  of 
registered  on  "Intercosmos  5"  satellite  low 
frequency  emissions  by  the  ring  current 


electrons  at  their  interaction  with  a 
plasmasphere  cold  plasma 

The  results  of  the  wave  space 
experiments  had  shown  that  received  on 
board  the  "Intercosmos"  satellite  noises 
are  the  plasmaspheric  hiss  emissions, 
advantage.  They  are  generated  near  the 
equatorial  plane  of  the  plasmasphere, 
i.e.  in  the  "shot"  between  the  inner  and 
outer  radiation  belts  of  the 
magnetosphere  and  in  the  region  of 
equatorial  ring  current.  The  unique 
position  of  the  generation  region  enables 
us  to  investigate  the  effect  of 
geomagnetic  storms  on  the 
characteristics  of  the  noise.  During 
geomagnetic  stoms  the  low  frequency 
emission  generation  region  tends  to 
move  inwards,  similar  to  the  inward 
motion  of  the  plasmapause  [  1]. 

A  comparison  of  the  data  on 
wave  emissions  and  energetic  particle 
fluxes  reveals  characteristics  relationship 
between  these  two  phenomena.  On  the 
flg.l  we  have  the  typical  distribution  of 
the  quasi-trapped  electron  (EeSr  40  key) 
flux  and  emission  amplitude  at  170  Hz  in 
the  daytime  along  some  orbits  of  the 
"Intercosmos  5"  satellite  in  different 
phase  of  the  storm  of  16-17  December 
1971.  These  data  were  mesured 
concurrently  during  three  orbits  of 
"Intercosmos  5"  passing  approximately 
over  the  same  area  (the  southern 
hemisphere,  day  time,  the  apex  of  the 
trajectory  over  Australia). 

On  16  December  1971,  prior  to 
the  storm,  a  slot  was  recorded  in  the 
electron  flux  (L-3.8)  between  the  inner 
and  ou  ter  radiation  belts.  During  the 
storm  on  17  December  1971  (Kp=  3+), 
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the  slot  considerably  narrowed  and 
shifted  to  L=  3. 2-3.3.  The  electron 
fluxes  increased  markedly,  especially  in 
the  outer  radiation  belt.  On  20 
December  1971,  when  the  storm  had 
died  down  (K.p=0),  the  electron  fluxes  at 
3<  L<  4.5  still  remained  high.  The 
spatial  structure  of  the  electron  fluxes 
obseved  during  the  post-storm-time  on 
20  December  1971  was  very 
complicated,  with  several  maxima  and 
minima  in  the  inner  radiation  belt  (L  < 
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Fig.l. 

Distributions  of  the  emission 
amplitude  at  170  Hz  (a),  the  flux  of 
quase-trapped  (el)  electrons  (b),  an  - 
precipitation  electrons  (c40  in  the 
daytime  along  some  orbits  during  the 
storm  of  16-17  December  1971. 

- December  16,  before  the  storm, 

- December  17,  during  the  storm, 

.  December  20,  after  the  storm, 

*  *  *  December  21,  after  the  storm. 


3).  The  slot  between  the  radiation  belts 
was  not  distinct  and  was  probably 
located  at  L~4.  (These  changes  in  the 
fluxes  of  the  energetic  particles  are 
ascribed  to  inward  radial  diffusion). 

The  amplitude  of  low  frequency 
noise  also  undergoes  considerable 
variations  (fig.  1  a).  Prior  to  the  storm, 
the  maximum  emission  intensity  was 
obsewed,  as  usual,  in  the  region 
3.8<L<5.  This  region  coincides  with  the 
slot  and  the  inner  edge  of  the  outer 
radiation  belt.  On  17  December  1971  the 
emission  amplitude  increased  markedly 
(up  to  40  dB)  during  the  storm;  the 
region  occupied  by  the  noise  widened 
and  moved  towards  the  Earth.  As  prior 
to  the  storm,  noise  was  intense  in  slot 
and  at  the  inner  edge  of  the  outer 
radiation  belt.  In  addition  intense  fluxes 
of  precipitating  electrons  were  recorded 
in  the  same  region  (see  fig.  1 .  c). 

On  20  December  1971,  after  the 
storm  the  noise  intensity  decreased,  the 
position  of  their  maxima  shifting  to  L~ 
4.5-5.  Even  if  we  assume  that  the  relative 
minimum  of  the  large  electron  fluxes  at 
L~  4.  At  that  time  corresponds  to  a  new 
position  of  the  slot  between  the  radiation 
belts,  the  position  of  the  slot  corresponds 
with  the  maximum  amplitude  of  the 
emissions  as  described  above. 

We  suppose  that  at  moderate 
altitudes  (several  hundred  kilometres) 
the  maximum  of  the  emission  amplitude 
is  at  the  Lmax  that  coicides  with  or  is 
very  close  to  the  position  of  the  emission 
generation  region.  This  enables  us  to 
identify  the  emissions. 

Our  investigations  can  be 
categorized  into  two  general  classes, 
those  using  a  case  study  and  those  using 
a  statistical  approach. 

The  emission  amplitude  increases 
linearly  with  growthing  Dst  on  average. 
The  rate  of  the  amplitude  change  with 
Dst  increases  with  increasing  L-shell 
crossed  by  the  satellite.  This  increase  is 
frequency  dependent,  i.c.  the  rate  of 
increase  is  less  at  2500  Hz  that  at  170  or 
500  Hz  (sec  fig.  2). 
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Among  the  indices  of 
geomagnetic  disturbance,  Dst  is  the  most 
useful  parameter  to  characterize  the 
intensity  and  position  of  the  generation 
region  of  plasmaspheric  noises  because 
these  emissions  are  generated  in  the 
equatorial  ring  current  region,  with  the 
result  that  both  its  amplitude  and  the 
equatorial  ring  current  depend  on  the 
flux  of  particles  in  the  outer  radiation 
belt. 

Maximum  of  the  quasi-trapped 
electrons  (by  “Intercosmos  5”  satellite) 
and  maximum  of  the  emission  amplitude 
are  some  displacement.  It  put  us  into 
one’s  head  to  study  the  ELF/VLF 
emission  variations  in  the  dependence  on 
ring  current  particle. 

In  fig.3  we  have  geophysics 
situation  (Dst  -  variations)  for  23-29 
Februry  1972.  The  storm  of  February 
24,  1972  (SSC  at  6.42  UT)  began  at  the 
very  quiet  background.  This  was  a 
classical  magnetic  storm.  A  deep  Dst 
decrease  during  the  main  phase  reached 
-86y,  Kp-  reached  5+.  It  was  the  simplest 
one.  It  the  bottom  part  of  the  figure  we 
pointed  out  the  "Intercosmos  5"  orbits 


(vertical  lines).  Vertical  lines  (in  the 
middle  part  one)  represents  the 
distribution  of  the  low  frequency  (500 
Hz)  emission  intensity  along  the 
revolutions.  We  see  from  fig.3,  that  noise 
emission  intensity  maximum  before  the 
storm  was  take  place  at  the  <D°=  60° - 
65°,  then  ones  invade  the  low  (invariant 
latitude)  region  during  the  main  phase, 
the  maximum  intesity  was  being  at 
<D°=50°-52°. 

During  the  recovery  phase  the 
storm  the  emission  maximum  shift  to 
<D°=58a-61°  (February  26)  and  60° 
(February  29).  After  the  storm  the 
emission  intensity  maximum  is  localized 
near  <D°=  61°-65°.  The  area,  where  the 
emission  amplitude  is  maximum 
repeated  or  arc  very  close  to  the  Dst 
variations  or  ring  current,  and  during  the 
geomagnetic  disturbance  they  have 
similar  space  movement. 

By  experimental  results  received 
on  board  "Intercosmos  5"  satellite  it  is 
difficult  to  separate  the  ring  current 
particles  from  the  radiation  belt  one. 
"Intcrcosmos"  satellites  did  not  cross  of 


Emission  amplitude  vs  Dst  variations.  The  horizontal  axis  represents  Dst  in  units 
of  y  and  the  vertical  axis  amplitude  in  units  of  y/VHz. 
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We  choose  the  events  when  the 
"Explorer  45"  satellite  was  in  the 
equatorial  region  an  "Intercosmos  5" 
was  at  the  same  L-shell,  but  near  Earth 
and  when  the  local  time  at  the  satellite 
orbites  was  the  same  [3-7]. 

In  the  bottom  part  (fig.  3)  we 
presented  the  "Explorer  45"  orbiter  by 
horizontal  lines.  Vertical  point  lines 
show  the  ring  current  boundaries  by 
"Explorer  45"  data.  We  used  the  data  on 
the  distribution  variations  for  the  low- 
energy  protons  from  20  to  50  keV  [7]. 

Before  the  storm  the  ring  current 
boundaries  by  "Explorer  45"  we 
observed  at  <t>°=  60° -65°  (orbit  314).  In 
the  beginning  of  the  recovery  phase  the 
boundary  was  registered  at  0°=  52°-55°. 
During  the  recovery  one  the  boundary 
carry  at  <D°=57o-60°  (February  25)  and 
<£>£60°  (February  27  and  28).  Variations 
of  the  emission  amplitude  coincides  or 
very  close  the  ring  current  one. 

FeSruaru  1S?2) 

26  27  26  23 


Geophysics  situation  (Dst  -  variations)  for  23-29  February  1972  and  ring  current 
variations  by  “Explorer  45”  (vertical  point  lines)  and  low-frequency  emission  amplitude 
variations  (vertical  solid  lines)  by  "Intercosmos  5”.  In  the  bottom  part  we  pointed  out 
the  satellite  orbits:  “Intercosmos  5”  -  vertical  lines,  “Explorer  45”-  horizontal  lines. 


the  equator  regions  of  the  ring  current 
(Re-5.. .8).  They  are  existing  on  the 
ionospheric  altitude.  Simultaneously,  it 
was  observed  the  ring  current  particle 
variations  onboard  "Explorer  45" 
satellite. 

"Explorer  45"  satellite  was 
launched  into  an  elliptical  orbit. 
"Intercosmos  was  launched  into  orbit 
haaving  a  perigee  of  200  km,  an  apogee 
of  1200  km  and  48,4°  inclination  to 
equatorial  plane,  ~98  min  orbiting 

period  [2].  Table  1  lists  the 
characteristics  of  the  parameters  of  the 
"Explorer  45"  and  "Intercosmos  5" 
satellite  orbits. 

Tablet. 

"Explorer  45"  "Intercosmos  5" 

launched  November  15, 1971  December  2, 1971 
on 

apogee  5,24  Re  1200  km 

perigee  222  km  200  km 

inclination  3,6°  48,4° 

period  7h  49m  98  m 
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We  had  information  for  4 
geomagnetic  storms  from  two  satellites 
HIntercosmos  19"  (VLF/ELF  emissions). 
Table  2  lists  the  characteristics  of  these 
storms.  The  results  was  like.  But  using 
the  results  of  the  low  frequency 
(ELF/VLF)  emission  observations  on 
board  these  satellite,  we  could  to  draw 
some  conclusions  about  low  frequency 
emission  generation  proceses. 

Table  2. 

Max 

Data  UT  Kp  -DstAE 

December  16,1971  SSC  19.06  7+  -167  1375 
January  21,1972  SSC  11.51  6-  -79  1239 
January  28,1972  10.00  5+  -56  907 

February  24,1972  SSC  6.42  5+  -86  986 


Conclusions; 

-Area,  where  the  emissions 
amplitude  is  maximum  and  where  these 
emissions  probably  excited,  coincide  or 
very  close  to  the  area  of  a  ring  current, 
-During  the  geomagnetic 
disturbance  similar  space  movement  of 
these  areas  occur, 

-By  estimations  movements  of  the 
ELF/VLF  emission  area  it  is  possible  to 
judge  changes  of  average  radius  of  a  ring 
current  and  of  the  speed  of  this  change. 

Is  seems  that  in  process  of  the 
ELF/VLF  emission  excitation  in  the 
plasmasphere  some  mechanisms  will  be 
realized.  Listed  above  facts  permit  to 
make  the  assumption  about  an 
opportunity  of  generation  of  a  part  of 
registered  on  "Intercosmos  5"  satellite 
low  frequency  emissions  by  the  ring 
current  electrons  at  their  interaction  with 
a  plasmasphere  cold  plasma. 
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Results  of  the  supervision 
low  frequency  emissions  (0,1  -  20 
kHz)  onboard  “Inter  cosmos” 
satellite  are  involved  for  the 
research  of  the  Earth ’s  crust  fault 
in  the  region  Barents-Kara  sea . 
Use  of  the  global  satellite 
monitoring  method  of  the  natural 
ELF/VLF  noises  has  allowed  to 
reveal  the  large-scale  areas  of  the 
fault .  The  attraction  of  statistical 
methods  of  the  mathematical 
analysis  permits  us  to  investigate  a 
thin  structure  of  the  low  frequency 
emissions  above  a  tectonic  fault 
zone  and  to  display  an  opportunity 
of  the  observe  satellite  result  use 
for  the  control  at  a  condition 
earthly  crust. 

Introduction. 

In  1979  on  "Intercosmos  19" 
satellite  phenomenon  of  sharp 
increase  of  the  low-frequency 
electromagnetic  noise  emissions  in 
the  upper  ionosphere  was  found 
out  when  the  satellite  passed  over 
the  zone  of  future  or  occurring 
earthquakes  with  the  magnitude 
of  5  numbers  and  higher  [1,  2], 
This  phenomenon  has  called  a 


large  interest  at  geophysics.  It  is 
confirmed  by  numerous 
supervision  on  other  space  crafts 
[3,  4]  and  stimulates  ground 
supervision  over  condition  of  the 
ionosphere  above  the  areas  with 
active  seismic  processes  [5]. 

The  set  of  results  of  these 
researches  permits  to  consider, 
that  the  ionosphere,  as  a  whole, 
and  the  processes  proceeding  in  it 
are  indicators  of  certain  processes 
in  the  lithosphere,  though  the  gear 
(mechanism)  of  observable  effects 
cannot  be  considered  established 

[6.7]- 

The  data  processing  results 
presented  below,  also  received  on 
"Intercosmos  19"  satellite  give 
additional  acknowledgement  of 
the  electromagnetic  phenomenon 
on  the  existence  of  the  lithosphere 
processes  in  the  upper  ionosphere. 
Thus,  it  revealed  in  the  given  work 
that  electromagnetic  processes 
are  unequivocally  connected  not 
with  catastrofic  manifestations  of 
the  seismic  activity,  but  with 
current  processes,  occurring  in  the 
lithospere. 
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Experimental  data 

We  considered  data  about 
20  "Intercosmos  19"  orbits  over 
the  Barents  and  Kara  seas  in 
quiet  days  on  March  15,  1979, 
on  June  14,  1979,  on  December 
7,  1979  and  on  November  20-21, 
1980.  The  H  -  Components 
magnetogrammes  of  the  high- 
latitude  observatories  Loparskaya 
(<p=68.15°N,  X=33.05°S)  and 
Lovozero  (q>= 67.59°N, 

X=35.05°S)  were  looked  up  for 
this  purpose  (supervision  of  the 
Polar  Geophysical  Institute).  The 
active  storm  was  observed  on 
March  9,  1979  and  the  active 
period  was  on  10-11,  March.  The 
period  of  positive  Interplanetary 
Magnetic  Field  (IMF)  followed 
the  storm  was  accompanied  by 
appreciable  decrease  of 
geomagnetic  activity  down  to 
March  17,  1979,  when  the  next 
substorm  arises.  In  June  1979  a 
long  period  of  moderate  activity 
was  observed,  basically,  at 
positive  IMF  till  June  15.  The 
intensive  storm  was  observed  on 
December  4.  The  following  days 
are  weakly  disturbed  or  are  quiet 
till  December  8.  In  November 
1980  an  intensive  disturbance 
begins  on  November  15  and  the 
high  activity  is  saved  up  till 
November  1 1  (up  to  the  end  of  a 
positive  pulse  of  IMF).  The 
inclusion  of  a  short  negative 
pulse  has  an  effect  for  downturn 
of  the  activity. 

At  the  crossing  of  deep 
faults  of  the  considered  region  by 
the  "Intercosmos  19"  satellite 


trajectory  changes  in  the  electrical 
and  magnetic  components  of  the 
VLF  emissions  are  observed,  that 
was  marked  in  other  our  works  [8- 
10].  In  figure  1  sites  of 

"Intercosmos  19"  satellite 

trajectories  are  put,  where  the 
intensity  VLF  emissions 
variations  on  emptiness  from  100 
up  to  20  000  Hz  were  observed.  In 
this  figure  a  drawing  of  the 
stretching  areas  and  the 
compression  areas  in  the 

lithosphere  are  put,  between 
which  "channels"  of  the  material- 
power  exchange  take  place.  These 
ones  connect  the  deep  bowels  of 
the  Earth  to  its  surface.  From  this 
figure  it  is  clear,  that  the  VLF 
emission  intensity  variations  are 
observed  over  these  channels, 
except  for  the  region  of  the 
Novaya  Zemlya.  The  high 
concentration  radioactive 

garbage  of  the  nuclear 
explosions  and  other  pollution 
are  so  far  contained  in  the  botton 
soils  of  this  region.  Probably,  the 
changes  in  the  VLF  emissions  can 
be  caused  (called)  by  two  sources: 
a  natural  one  in  the  lithosphere 
and  an  artificial  source,  called  by 
the  residual  pollution  of  nuclear 
explosions. 

Besides,  two  orbits  on 
March  15  and  on  June  14,  1979 
were  chosen,  they  took  place  very 
closely  over  the  same  area  of  the 
Barents  sea.  The  analysis  of  the 
VLF  emission  data  has  shown  the 
stability  of  the  effect  discovered 
earlier  in  space  and  time  [1 1]. 
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Results  of  the  correlation 
analysis. 

We  have  received  the  items 
of  information  on  the  similarity  of 
the  emission  burst  form,  having 
executed  the  correlation  analysis 
of  simultaneous  bursts  of  the 
magnetic  and  electric  com-  ponent 
intensity  of  the  low-frequency 
emission  field  (see  table  1). 

Table  1 

Variations  of  the  correlation 
coefficient  (R)  between  magnetic 
and  electrical  component  intensity 
of  the  field  bursts 


F,  Hz 

R233h=58G  fan 

R1537  H-941  km 

140 

0,6518 

0,8738 

450 

0,6914 

0,4764 

800 

0,7846 

0.3474 

4650 

0,1526 

0.4010 

15000 

0,6310 

0.4204 

More  than  likely,  the 
measured  wave  field  represents  a 
mix  of  electromagnetic  and 
electrostatic  waves.  On  the  orbit 
233  (the  satellite  height  is  580  km) 
the  observable  emissions  are 
predominary  electromagnetic.  The 
correlation  coefficient  on  all 
frequencies,  except  4650  Hz, 
exceeded  0,63.  On  the  orbit  1537 
(the  satellite  height  was  a  little 
higher  and  was  940  km) 
electrostatic  waves  prevailed, 
correlation  coefficient  was  0,5. 
The  exception  was  only  for  the 
emissions  on  the  frequency  140 
Hz,  where  R  0,87. 

Thus,  the  correlation 
analysis  has  shown,  that  the 
emission  on  various  frequencies 


reacts  to  the  processes  in  the 
lithosphere  differently.  At  the 
lower  heights  (see  orbit  233, 
satellite  hight  of  580  km)  the 
emissions  were  predominary 
electromagnetic.  At  large  heights 
(900  km)  the  emission  is 
transformed  into  electrostatic  one. 

The  conclusion. 

The  presented  in  the  work 
results  of  the  VLF  emissions 
measured  onboard  "Intercosmos 
19"  satellite  have  allowed  to  reveal 
the  large-scale  areas  of  the  faults 
in  the  considered  region.  In  [11] 
we  have  received  the  experimental 
evidence  of  the  existence  of 
electromagnetic  phenomenon  of 
the  lithosphere  processes  in  the 
upper  ionosphere  and 
consequently  use  of  monitoring 
of  supervision  of  the  VLF 
emissions  is  one  of  the  possible 
methods  of  the  control  of 
processes,  occurring  in  the 
lithosphere. 
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Large  loop  inductive  sensors  are  used  in 
investigation  of  natural  electromagnetic  environment  to 
measure  low-frequency  magnetic  field  which  have 
various  origins.  The  possibility  of  changing  such  loops 
by  local  active  low-threshold  inductive  sensors  is 
considered  in  the  paper.  The  methods  which  allow  to 
achieve  low  discrimination  threshold  by  sensors  with 
small  dimensions  are  discussed.  The  main 
characteristics  of  designed  sensors  are  given. 

1.  INTRODUCTION 

When  carrying  out  the  investigation  of 
electromagnetic  environment  the  large  stationary 
inductive  sensors  (IS)  with  dimensions  50  x  50  m,  100  x 
100  m  and  even  more  are  used  to  measure  low- 
frequency  natural  magnetic  field  caused  by  various 
sources.  Such  dimensions  are  necessary  because  of  very 
low  level  (less  than  1  nT)  of  measured  magnetic  field 
in  0,01-0000  Hz  frequency  band.  And  if  frequency  is 
less  than  0,01  Hz  induction  can  come  down  to 
hundredths  and  thousandths  of  nT.  Although  such 
stationary  sensors  can  measure  only  vertical  field 
component  they  provide  high  signal-to-noise  ratio  and 
correspondingly  high  accuracy  of  measurements  exactly 
in  the  frequency  band  below  0,01  Hz. 

At  the  same  time  stationary  IS  has  some  defects  and 
first  of  all  great  size  and  big  mass,  low  mobility, 
necessity  of  considerable  work  to  place  the  loop, 
especially  in  complicated  physics-geographical 
conditions  (crossed  relief,  wood,  bog).  Besides,  it  is 
necessary  to  choose  relatively  even  horizontal  plots  with 
large  area  to  decrease  the  measurement  error,  caused  by 
horizontal  field  components.  On  the  other  hand, 
exploitation  of  unwieldy  sensors  leads  to  impossibility 
of  horizontal  component  measuring  and  of  further 
increasing  of  sensitivity  by  using  summing  of  signals 
from  several  sensors  situated  on  a  large  area  (composite 
frame  sensors  or  array).  So  it  is  clear  that  loop  IS  with 
mentioned  dimensions  are  useless  for  such 
measurements  .  The  urgency  of  designing  the  high 
sensitive  IS  with  less  dimensions  is  evident. 


2.  BASIC  REQUIREMENTS  AND  CALCULATION 
EXPRESSIONS 

IS  is  a  principal  part  of  the  whole  data-measuring 
for  natural  magnetic  field  investigation.  This  device  is 
also  responsible  for  system  quality.  The  basic 
requirements  to  the  IS  for  investigation  of  natural 
magnetic  fields  are  as  follows:  linear  and  high-accuracy 
conversion  of  the  measured  magnetic  field,  high 
sensitivity,  wide-band  performance,  high  temperature 
and  time  stability,  quick  availability  for  service,  wide 
dynamic  range,  simplicity  of  service  and  exploitation, 
high  spatial  resolution,  short  recovery  period  after  high 
pulse  overloads,  high  reliability  during  exploitation,  low 
energy  consumption.  Additional  requirements  to 
amplitude-frequency  (AFC)  and  phase-frequency  (PFC) 
characteristics  are  formulated  if  minimal  distortions  are 
needed. 

It  is  worthwhile  to  introduce  some  parameters  to 
characterize  IS  [2],  Its  sensitivity  G(co)  can  be 
determined  by  the  following  ratio: 

G{co)  =  %  =  anvSKiKPA  ,  (1) 

15 

where  Us  -  input  signal,  B  -  measured  magnetic 
induction,  oy=2nf  -  signal  frequency,  w  -  turn  number, 
S  -  area,  enclosed  by  IS  loop  or  frame,  K,  -  coefficient  of 
electromotive  force  transformation  from  IS  to 
preamplifier  (PA),  KPA  -  amplification  coefficient  of  PA. 
Coefficient  K,  can  be  written  as: 

^ - .  m 

fi-a’T2)  +40WT1 

where  K0  -  direct  current  transformation  coefficient, 
T  -  time  constant  of  oscillation  network,  formed  by  IS 
and  PA,  q  -  relative  damping  factor  of  this  network. 
These  values  can  be  expressed  by  input  network 
parameters  in  the  following  way: 
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(3) 

(4) 

(5) 


where  L,r  -  Inductance  and  pure  resistance  of  IS,  C  - 
total  capacity,  R  -  pure  input  resistance  of  PA.  L,  C,  R, 
r  depend,  in  their  turn,  on  constructive  parameters  of  IS 
and  PA  (core  dimensions,  turn  number,  wire  diameter 
and  others).  Sensors  with  linear  frequency  response  are 
mainly  used  in  geophysical  practice.  It  must  be 
mentioned  that  relative  damping  factor  is  used  usually 
equal  to  1  or  some  what  less  than  1.  In  such  cases  the 
transient  period  is  the  shortest. 

Within  linear  band,  where  Kj-K0,  reduced 
sensitivity  are  often  used: 

Gf  ~~~  2tmSK0Kpa  .  (6) 


Also  equivalent  area  Se  is  a  convenient  parameter: 


Se  -  wSK0KPA 


(7) 


Some  other  requirements  to  IS  are  as  follows:  phase 
shift  must  be  linear  and  discrimination  threshold  can't 
exceed  permissible  level.  We  interpret  discrimination 
threshold  as  magnetic  induction  value  with  which  signal- 
to-noise  ratio  is  equal  to  1,  that  is 


where  Sn  -  PA  output  spectral  density,  which  is  a 
complicated  function  of  electrical  and  constructive 
parameters  of  IS. 

Thus,  when  designing  local  IS  its  Sn  must  be  not 
smaller  than  that  of  large  loop,  Kt  must  be  frequency 
independent  in  all  operating  range,  Bm  of  local  IS  must 
not  exceed  that  of  large  loop. 

3.  REALIZATION  OF  LOCAL  INDUCTIVE 
SENSORS 


Designing  of  local  IS  causes  two  main  problems: 
realization  of  required  AFC  and  PFC  and  obtaining  of 
sufficiently  low  threshold  of  sensitivity.  The  first  is 
needed  in  order  to  have  the  useful  signal,  which  pass 
through  IS  with  minimal  distortions,  the  second  -  in 
order  to  have  signal  which  can  not  be  lost  in  IS  and  PA 
own  noise.  These  requirements  are  often  contradictory 
and  their  realization  is  usually  complicated. 


IS  with  linear  sensitivity  which  is  traditionally  used 
can  be  realized  when  IS  resonance  frequency  is 
considerably  higher  than  upper  frequency  of  researched 
signal  spectrum.  In  such  case  IS  itself  may  be 
considered  as  differentiator  of  useful  signal.  We 
consider  mainly  such  IS  although  wide  possibility  of 
digital  processing  allow  to  use  non-linear  AFC  because 
non-linearity  can  be  taken  to  account  while  signals  are 
processed. 

The  substitution  of  large  loop  by  small  (local)  one 
with  the  same  equivalent  area  may  be  realized  either  by 
increase  of  turn  number  or  by  application  of  additional 
preamplifier.  In  first  case  the  needed  equivalent  area  can 
be  achieved  but  the  required  frequency  characteristics 
can  not  be  realized  because  of  essential  growth  of  sensor 
inductance  and  capacity.  Compromise  variant  when 
insufficient  number  of  turns  is  compensated  by 
introduction  of  supplementary  preamplifier  is  better. 
New  source  of  noise  (preamplifier  own  noise)  and 
necessity  of  supplementary  feed  source  appear  in  this 
case.  Nevertheless  the  small  sensor  which  enable  to 
substitute  large  loop  can  be  created  when  sufficiently 
qualitative  low-noise  preamplifier  is  designed  and 
correct  choice  (called  noise  adjustment)  of  structural 
parameters  is  realized  to  minimize  discrimination 
threshold.  The  creation  of  such  IS  named  local  active 
low-threshold  inductive  sensors  (LANID)  has  been 
successfully  provided  in  Physico-Mechanical  Institute  of 
National  Academy  of  Science  of  Ukraine  during  80-ths 
and  90-ths  [1,2,3], 

Theoretical  analysis  and  experimental  researches 
have  allowed  to  create  the  series  of  LANID  sensors  that 
satisfy  the  mentioned  earlier  requirements  in 
0, 001+1000  Hz  band.  They  were  introduced  into  the 
practice  of  measuring  of  electromagnetic  environment 
in  several  states  (Russia,  Kirghizstan,  Turkmenistan, 
Uzbekistan,  Tadjikistan).  Comparative  testing  in 
Australia  confirmed  that  LANIDs  can  successfully 
compete  with  the  best  foreign  analogues.  The 
exploitation  of  LANIDs  shows  that  they  can  substitute 
large  loops  with  dimensions  50x50  and  100x100.  The 
main  parameters  of  LANIDs  made  in  Physico- 
Mechanical  Institute  are  given  in  the  table. 

Sensors  LANID- 1,  LANID-2  and  LANID-3N  are 
manufactured  as  loop  on  the  base  of  special  multicore 
cable  and  LANID-4  as  multitum  sectional  rigid  frame 
with  electrostatic  shield.  Dimensions  of  such  sensors  are 
within  range  1,5+9  m. 

The  sensor  preamplifiers  are  also  different: 
LANID- 1  has  modulator-demodulator  preamplifier  with 
magnetic  modulator,  LANID-2  -  with  semiconductor 
modulator,  LANID-3N  and  LANID-4  have 
preamplifiers  with  direct  amplification.  Some  measures 
to  decrease  external  noise  (screen,  differential  schemes 
etc.),  zero  thermal  drift  and  thermal  electromotive  force 
are  taken  in  these  sensors. 
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Parameters  of  LANID  sensors 


X.  Sensor 

Parameter 

LANID- 1-9 

LANID- 1-5,7 

LANID-2-2 

LANID-2-6,7 

LANID-3N 

LANID-4 

Type 

loop 

loop 

loop 

loop 

loop 

frame 

Forin  and 
dimensions,  m 

circle 

D=9 

circle 

D=5,7 

circle 

D=2 

circle 

D=6,7 

square 

4x4 

square 
1,6x1, 6 

Equivalent  area 
with  preamplifier 

S„  m2 

8,6- 106 

3,5T06 

1,2-106 

10,6-106 

2- 10s 

105 

Reduced  sensitivity 
Gf ,  V/(T  Hz) 

54- 106 

22' 106 

7,5- 106 

66,6- 106 

1,26- 10s 

6,82-  10s 

Frequency  range, 

Hz 

10^20 

10"3-r20 

103M50 

10^150 

0,1h-2-103 

0,M2-103 

Discrimination 

threshold 

Bm,  nT-Hz0-5 

0,01  Hz 

0,1  Hz 

1Hz 

10Hz 

100Hz 

1000Hz 

l-lO'2 

3,810'4 

2,9- 1 0'5 

3, l-lO-6 

1 ,581 0‘2 
b^TO"4 

5,2- 10"5 

5,9- IQ"6 

1,13-10'* 

6.4- 1 0'3 
4,36-1  O'4 

3.5-  10'5 

3,1  TO"6 

1,07-1  O'2 
7,16-lQ"4 

5,6- 10"5 

4,9-1  O'6 

4,8-1  O'6 

■ 

4,9- 10"1 
1-10"2 
8-10"4 

5-1 0'5 

5-1  O'6 
L5-10"6 

4.  CONCLUSIONS 

Thus,  the  creation  of  LANID  sensors  gives  the 
possibility  to  increase  the  Earth  magnetic  field 
measuring  efficiency  and  in  LANID-4  case  to  realize 
three-dimensional  measurements. 

LANIDs  also  can  be  used  for  forecast  of 
earthquakes,  measurements  of  fields,  caused  by 
lightning  discharges  and  for  electrical  prospecting  of 
minerals. 
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The  possibilities  and  main  advantages  of  the 
satellite  radiotomography  method  for  monitoring  and 
investigation  of  electromagnetic  (EM)  disturbances  in 
the  space  near  the  Earth  are  discussed.  The  results  of 
experimental  tomographic  reconstructions  of  the 
electron  density  distribution  along  the  line  Moscow- 
Arkhangelsk  are  submitted.  It  is  shown  that  such  two- 
dimensional  cross-sections  of  the  ionosphere  are  very 
useful  for  the  forecast  of  EM  environment  properties 
in  the  space  near  the  Earth  in  particular  in  presence 
of  various  «cioud/hole»  type  inhomogeneities  in  the 
ionospheric  plasma  density  distribution.  Such  data 
allow  the  complex  HF  radio  waves  trajectories  to  be 
calculated.  Examples  of  such  calculation  are  shown. 

1.  INTRODUCTION 

To  investigate  the  EM  compatibility  problems 
it  is  very  important  to  know  in  detailes  the  properties 
of  media  in  which  the  processes  of  generation, 
propagation  and  impact  of  EM  disturbances  occur. 
Because  the  majority  of  processes  concerning  the 
problem  of  EM  compatibility  take  place  in  the  space 
near  the  Earth,  particularly  in  the  ionosphere,  it  is 
very  important  for  investigator  to  have  an  effective 
method  that  allow  the  continuous  or  operative 
monitoring  and  forecast  of  ionospheric  plasma 
properties  to  be  made.  Such  forecast  is  very  important 
for  normal  operation  of  orbital  and  ground-based 
transmitter  facility.  For  this  purposes  we  propose  the 
method  of  satellite  computerized  radiotomography. 

2.  SATELLITE  RADIOTOMOGRAPHY 

Methods  of  satellite  radiotomography  of  the 
ionosphere  have  been  developed  intensively  in  the  last 
decade.  These  methods  combines  well  developed 
during  several  tens  of  years  the  measurement 
technique  and  advanced  technical  base  of  methods  of 
remote  sounding  with  opportunities  of  modern 
computer  facilities,  allowing  during  small  of  time  to 
manipulate  gigantic  arrays  of  data  using  veiy  complex 
numeric  algorithms.  Method  of  the  satellite 
radiotomography  allows  during  a  short  interval  of  time 
(15-20  minutes)  to  get  the  global  information  on 
structure  of  the  ionosphere  as  sections  of  distribution 


of  electronic  density  and  collision  frequency  up  to 
satellite  orbit  height  and  on  distances  in  a  few 
thousands  kilometers. 

Typical  geometry  of  the  radiotomographic 
experiments  is  shown  on  Fig.l.  Several  receivers  are 
located  on  the  Earth  in  the  plane  of  satellite  orbit.  This 
method  is  cheap  enough  because  it  uses  the  sounding 
two-frequency  signals  from  satellites  of  existing 
navigation  systems  like  «Cicada»  (Russia)  and 


Fig.l.  The  scheme  of  radiotomographic  experiments 


«Transit»  (USA).  The  moving  satellites  and  receivers 
network  give  a  possibility  to  probe  the  medium  in 
various  directions  and  to  restore  the  structure  of 
nearspace  environment.  The  first  radiotomographic 
sections  of  subauroral  ionosphere  were  obtained  near 
spring  equinox  during  various  levels  of  magnetic 
activity  [1],  For  quiet  conditions  classic  structure  of 
the  main  ionospheric  trough  is  well  defined. 

Russian-American  tomographic  experiment 
with  the  radar  of  incoherent  scattering,  made  in  1993, 
confirmed  high  quality  of  radiotomographic 
reconstructions  of  the  ionospheric  structures  [2], 

To  solve  the  reconstruction  problem  we  use  the 
phase-difference  tomography  method  because  it 
eliminates  possible  considerable  errors  in  absolute 
phase  signal  detection  and  improve  the  quality  of 
tomographic  reconstruction  [3).  For  the  phase- 
difference  tomography,  both  a  complete  theoretical 
simulation  and  many  experimental  measurements  have 
already  been  carried  out.  It  was  shown  that  the 
reception  of  satellite  signals  even  at  three  ground- 
based  points  located  along  the  orbit  projection  on  the 
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Earth's  surface  gives  a  good  quality  data  for  the 
reconstruction  of  a  two-dimensional  section  of 
electron  density  variations,  in  particular,  the  structure 
of  the  EM  disturbances  in  the  ionosphere  [4], 

3.  EXPERIMENTAL  RADIOTOMOGRAPHIC 
RECONSTRUCTIONS 

Now  we  have  a  lot  of  data  about  the  distribution 
of  electron  concentration  in  the  region  along  the 
Moscow-Arkhangelsk  radiotomographic  route 
obtained  in  the  series  of  experiments  that  were  carried 
out  during  the  several  last  years.  This  route  was 
prepared  by  IZMIRAN  in  1993  to  investigate  the 
subauroral  ionosphere  by  the  method  of  satellite 
radiotomography.  Specially  designed  new  facility  for 
digital  registration,  algorithms  and  software  for  data 
collection  and  ionosphere  section  tomographic 
reconstruction  are  used  in  these  experiments.  Unlike 
previous  such  experiments  our  system  includes  also 
two  vertical  sounding  ionosounders,  established  in 
Moscow  (55.5°N,  37.3°E)  and  Arkhangelsk  (64.6°N, 
40.3°E).  Bottomside  N(h)  -  profiles  calculated  by 
means  of  IRI  model  was  used  as  a  prior  information 
for  iterative  reconstruction  algorithm.  One  of  the  main 
goals  of  our  experiments  was  to  detect  and  to  trace 
the  evolution  of  local  natural  and  artificial  EM 
disturbances  in  middle-latitude  and  subauroral 
ionosphere. 

Many  experimental  data  contain  the 
information  about  wave-like  disturbances  in  the 
electron  density  at  latitudes  of  tomographic  route.  It 
was  shown  by  the  analysis  of  tomographic 
reconstructions  containing  such  quasiperiodical 
inhomogeneities  that  they  are  well-known  traveling 
ionospheric  disturbances  (TIDs)  caused  by  propagation 
in  the  thermosphere  of  middle-scale  internal  gravity 
waves.  One  of  TID  structure  reconstructions  obtained 
in  the  series  of  experiments  in  December  1993  is 
presented  on  Fig.2.  The  picture  have  clear  wave 
structure  with  wavelength  about  300  km  and  period 
about  15-20  minutes.  TIDs  have  been  studied  very 
extensively  by  a  variety  of  techniques  since  they  were 
first  identified  as  ionospheric  signatures  of 
atmospheric  gravity  waves  in  1960.  But  only  the 
radiotomographic  methods  gives  the  opportunity  to 
obtain  directly  a  two-dimensional  spatial  image  of  the 
wave  structure  in  latitude  versus  height  plane. 

In  other  series  of  tomographic  experiments  a 
number  of  reconstructions  contain  the  local 
inhomogeneities  of  "cloud/hole"  type  that  were  found 
below  the  main  ionospheric  maximum  height.  From 
our  point  of  view  the  formation  of  such  structures  can 
caused  not  only  by  natural  reasons  but  also  artificial 
ones,  that  is,  by  human  activities  [5], 

Some  reconstructions  contain  other  types  of  EM 
space  disturbances  with  original  features.  In  [6]  the 
example  of  reconstruction  with  slope  weak  through  of 


ionospheric  electron  density  is  shown,  the  nature  and 
properties  of  this  plasma  structure  are  discussed.  Such 
structures  was  detected  also  in  the  Russian-American 
tomographic  experiments  [2]  approximately  at  the 
same  geomagnetic  latitudes. 


Fig.2.  Tomographic  reconstruction  of  TIDs  along 
Moscow-Arkhangelsk  line:  a)  isolines  of  106cm'3 
units;  b)  fragment  of  electron  density  surface. 

December  17th,  1993. 

4.  IONOSPHERIC  HOLE-TYPE  DISTURBANCES 
AND  PROPERTIES  OF  EM  ENVIRONMENT 

The  ionospheric  disturbances  of  «cloud/hole» 
type  mentioned  above  and  detected  by  the  method  of 
satellite  radiotomography  are  of  the  great  scientific 
and  practical  value  in  relation  to  the  problem  of  EM 
waves  propagation  in  the  ionosphere.  The  large 
number  of  papers  devoted  to  construction  of  radio 
wave  propagation  trajectories  at  various  ways  of 
environment  parameters  setting  is  published  enough  - 
simulated  or  experimentally  observed.  However,  today 
only  the  radiotomographic  method  gives  the  possibility 
to  obtain  the  section  of  the  ionosphere  on  routes  1000- 
2000  km  practically  in  real  time.  Therefore  the 
numerical  modeling  of  radio  wave  propagation  and 
distribution  in  environment  which  is  similar  to  real 
one  is  veiy  important  because  such  simulation  gives 
the  possibility  to  investigate  the  real  modes  and  ways 
of  propagation. 

Some  interesting  examples  of  numerical 
simulation  of  HF  radio  wave  propagation  on  routes 
crossing  ionospheric  holes  are  shown  in  this  part. 
Calculations  are  made  in  approach  of  geometrical 
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optics  [7],  The  basic  environment  properties  for 
simulation  are  set  using  radiotomographic  cross- 
section  of  ionospheric  electron  density  along  the  line 
Moscow- Arkhangelsk  obtained  in  May  1 993  [6] . 

The  example  of  focusing  of  HF  radio  waves  is 
shown  on  Fig.  3.  This  phenomenon  observed  in  the 
wide  range  of  frequences  from  10  up  to  16MHz  by 
sounding  in  north  direction.  The  vertical  angles  of  exit 
of  ray  trajectories  arrived  actually  to  the  focus  point 
are  in  the  range  of  six  degrees.  This  wide  range  of 
angles  provides  the  high  degree  focalize,  that  is,  sharp 
irregularity  of  distribution  of  field  along  the  route. 


Fig.3.  Focusing  of  HF  (14  MHz)  radio  waves  by 
sounding  in  the  north  direction. 


The  results  of  simulation  of  quasi-vertical 
sounding,  that  is,  practically  direct  to  hole  are  shown 
on  Fig.4.  Whole  set  of  various  ray  trajectories  (hop, 
trapezoid,  passed  through  the  hole,  captured  by  hole) 
is  obtained  by  the  following  sounding  conditions:  exit 
points  are  located  on  distance  600-730  km  from 
Moscow;  vertical  angles  of  exit  are  in  range  74-78 
degrees  with  direction  of  sounding  to  north. 


Fig.4.  The  set  of  typical  ray  trajectories  for  sounding 
directly  to  hole:  1-hop,  2-trapezoid,  3-passed  through 
the  hole,  4-captured  by  the  hole.  Frequency  6  MHz. 


Captured  trajectories  are  of  the  great  value  of 
interest.  They  oscillate  inside  the  hole  and  come  back 
near  the  point  of  exit.  The  delay  of  such  trajectories 
exceeds  the  delay  of  usual  vertical  sounding 
trajectories  in  2-10  and  even  more  times. 

5.  CONCLUSION 

The  radiotomographic  approach  prepared  and 
tested  on  the  Moscow-Arkhangelsk  route  allowed 


many  interesting  results  on  the  ionospheric  plasma 
structure  of  subauroral  ionosphere  in  the  global  scale 
to  be  obtained.  The  local  plasma  inhomogenities  and 
disturbances  that  can  strongly  influence  the  operating 
of  different  navigation,  radar  and  communication 
systems  were  reconstructed  during  the  series  of 
radiotomographic  experiments  and  were  analyzed. 
Examples  of  calculation  of  radio  waves  trajectories 
passing  through  the  ionospheric  irregularity  of  «hole» 
type  reconstructed  by  the  method  of  satellite 
radiotomography  are  analyzed.  It  was  shown  that  some 
original  results  can  be  obtained  in  this  case  such  as 
unexpected  focusing  of  radiowaves  in  space,  capture 
phenomenon,  creation  of  local  patches  of  high 
intensity  EM  radiation.  These  examples  demonstrate 
the  impact  of  such  plasma  inhomogeneities  on  space 
EM  environment  and  possibilities  to  forecast  the  level 
of  EM  disturbance  near  the  Earth  surface. 

The  cheap  and  effective  method  of  satellite 
computerized  radiotomography  make  it  possible  to 
carry  out  continuous  monitoring  of  EM  media  in  the 
space  near  the  Earth  that  can  be  successfully  used  in 
solving  the  problems  of  EM  compatibility. 
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Time  domain  electric  field  from  the  model 
lightning  discharges  in  the  neutral  atmosphere  is  com¬ 
puted  and  its  modifications  due  to  geometrical  changes 
of  the  stroke  are  examined.  A  standard  model  of  the 
return  stroke  is  used  as  a  basic  one.  The  current  wave¬ 
form  at  the  stroke  base  is  a  sum  of  four  exponential 
terms.  Current  wave  moves  upward  with  an  exponen¬ 
tially  decaying  velocity.  Static,  induction  and  radiation 
field  components  were  computed.  The  model  was  modi¬ 
fied  then  to  describe  the  electric  fields  from:  (i)  the 
powerful  vertical  return  stroke,  (ii)  the  positive  stroke 
that  initiates  from  the  ground  or  from  the  cloud,  (Hi)  the 
'broken '  discharge,  (iv)  the  'spider'  stroke. 

Combined  effect  of  the  motion  of  the  current 
wave  and  the  tortuosity  of  the  lightning  channel  results 
in  multiple  pulses.  Vector  of  the  electric  field  acquires 
transient  vertical,  inward/outward  and  sideways  com¬ 
ponents.  The  relevant  field  'scans'  the  sky.  Disturbances 
above  the  storm  may  lead  to  the  air  density  and  tem¬ 
perature  fluctuations  that  facilitate  modification  of  the 
plasma  in  the  lower  ionosphere. 

The  time  domain  electric  field  produced  by  a 
model  lightning  discharges  in  the  neutral  atmosphere  is 
computed  and  its  modifications  are  examined  arising 
due  to  changes  in  the  stroke  geometry.  A  standard  model 
of  the  return  stroke  is  used  as  basic  one.  The  current 
waveform  is  presented  as  a  sum  of  four  exponential 
terms. 

4 

/(/)=X/A-^r‘  >  '*0  (1). 

k=  I 

Here,  I  k  is  the  amplitude  of  an  individual  current  term, 
and  zk  is  the  relevant  time  constant  describing  the  tem¬ 
poral  decay  of  the  current.  The  following  values  are 
used  in  the  basic  model: 

h  -  -  28.45  kA,  1 2  =  23,0  kA,  /3  =5.0  kA,  /4  =0.45 
kA,  and  r ,  =  1 .66  ps,  r2  -  33.33  ps,  r3  =  500  ps,  r4  = 
6800  ps. 


The  current  moves  upward  (see  Fig.l)  with  an 
exponentially  decaying  velocity  having  the  initial  value 
of  1/4  of  the  speed  of  light. 

Progress  of  the  Current  Wave  in  the  Standard 
Model  of  the  Return  Stroke 
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Fig.  1 .  Motion  of  the  current  wave  along  the  chan¬ 
nel  in  the  basic  return  stroke  model. 


Fig.  1  depicts  four  successive  positions  of  the 
current  wave  along  the  vertical  channel  of  the  stroke. 
The  stroke  current  in  kA  is  shown  along  the  horizontal 
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axis.  The  height  or  vertical  length  of  the  channel  is 
plotted  along  the  left  ordinate  in  km.  The  lowest  curve 
in  Fig.  1  demonstrates  an  early  stage  of  motion  (14.4  jjs 
after  the  stroke  initiation).  The  highest  curve  corre¬ 
sponds  to  the  final  stage,  when  the  current  wave  ap¬ 


proaches  the  end  of  lightning  channel  of  4  km  length 
(approximately  340  ps  from  the  beginning  of  the  return 
stroke).  Time  delay  is  shown  along  the  right  ordinate.  Its 
scale  became  logarithmic,  since  the  velocity  V(t)  of  the 
current  wave  decays  exponentially  in  time. 
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Fig.  2.  Relief  of  the  electric  field  components  above  the  distance-delay  plane.  The  altitude  in 
neutral  atmosphere  is  50  km  above  the  model  perpendicular  broken  stroke  of  lightning. 
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The  basic  model  of  vertical  lightning  stroke  Computations  show  that  the  combined  effect  of  the  onset 

was  modified  then  to  obtain  the  electric  fields  from:  of  the  current  wave  (direction  of  its  propagation)  and  the 

•  powerful  vertical  return  stroke,  tortuosity  of  the  lightning  channel  may  result  in  multiple 

•  positive  stroke  that  is  initiated  either  from  the  pulses  of  the  atmospheric  electric  filed.  The  effects  are 

ground  or  from  the  cloud,  weak  at  the  ground  surface,  and  ‘pulse  breeding’  could 

•  ‘broken’  or  tortuous  discharge,  not  be  observed  here. 

•  ‘spider’  stroke. 

Electron  Driving  by  Broken  Stroke 
H=50  km,  \j /  =  n/2 


14  I  14 

!  U  2 


O' . . . . . . !  I . - - - - Jo 
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Horizontal  Driving 

Radial  {-E  ^  V/m}  Sideways {-E  y  V/m} 


Fig.  3.  Temporal  variations  in  the  electron  driving  force  produced  by  a  perpen¬ 
dicular  broken  stroke  of  lightning.  Radial  cross-section  of  the  driving  is  shown  in 
the  left  plots  and  the  sideways  force  is  depicted  in  the  right  frames. 
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Electric  field  in  a  neutral  atmosphere  above 
the  lightning  stroke  acquires  the  transient  vertical,  in- 
ward/outward  and  sideways  components  and  therefore 
'scans'  the  sky  (see  Fig.2).  Fields  from  powerful  strokes 
of  lightning  are  of  the  level  that  enables  them  to  initiate 
the  plasma  process  in  the  atmosphere. 

In  the  model  of  a  tortous  or  ‘broken’  stroke 
presented  in  Figs.2  and  3,  we  apply  the  standard  current 
model  (1).  of  four  exponential  terms.  Current  wave 
starts  from  ;the  ground  vertically  and  turns  in  a  hori¬ 
zontal  direction  after  the  altitude  zk-  5  km  is  achieved. 
The  whole  length  of  the  lightning  channel  equals  10 
km.  Initial  velocity  of  the  current  column  remains  equal 
to  K0  =  8-l 01  m/s  and  its  decay  factor  is  a>y=  8-103  s’1. 
The  observer  is  situated  in  the  atmosphere  at  the  50  km 
altitude  and  is  displaced  from  the  discharge  in  hori¬ 
zontal  direction  be  a  distance  D  in  such  a  way  that  the 
horizontal  part  of  the  lightning  stroke  is  perpendicular 
to  the  direction  observer-base  of  the  stroke  (a  perpen¬ 
dicular  displacement  with  if/  =  n/2). 

Three  components  of  the  normalized  electron 
driving  forces  are  depicted  in  Fig.  2  over  the  horizontal 
distance  -  time  delay  plane  produced  by  a  perpendicular 
broken  discharge. 

The  figure  demonstrated  dynamics  of  the 
propagation  of  the  electromagnetic  pulses  through  the 
atmosphere.  Static,  induction  and  radiation  filed  com¬ 
ponents  were  included  into  computations.  It  is  clear  that 
dual  pulses  may  cause  the  focusing  of  the  charges  par¬ 
ticles  in  the  atmosphere. 

Sample  cross-sections  of  electron  driving 
forces  produced  by  the  same  discharge  are  depicted  in 
Fig.  3.  Left  column  of  the  plots  shows  the  radial  cross- 
section  of  the  driving  force,  i.e.  -Ez(t)  versus  -Ex(t). 
The  right  frames  demonstrate  the  transverse  cross- 
section  that  is  -E:(t)  against  -  E/t).  Time  /  is  a  pa¬ 
rameter,  and  each  dot  in  Fig.3  plots  represents  the 
fields  computed  with  the  2  microsecond  step.  Results 
are  shown  for  three  horizontal  distances  of  10,  25,  and 
50  km. 

As  Fig.  3  shows,  the  electrons  are  accelerated 
upward  and  towards  the  discharge  axis  at  the  pulse  on¬ 
set  in  a  broken  stroke.  Sideways  motion  is  seen  in  the 
right  column  of  the  frames  in  Fig.2  begins  after  radial 
driving  returns  to  the  ‘initial’  position.  This  example 
shows  that  the  fields  from  a  broken  stroke  drive  elec¬ 
trons  ‘to  scan’  the  sky  above  the  lightning.  Such  a 
scanning  may  facilitate  finding  a  ‘hole’  in  the  atmos¬ 
phere,  say,  of  lower  local  density  and  initiating  the 
sprite  or  jet. 

Atmosphere  disturbances  above  the  storm 
themselves  may  lead  to  the  air  density  and  temperature 
fluctuations  that  modify  the  electron  collision  fre¬ 
quency.  The  pertinent  fluctuations  and  the  scanning 
electric  field  may  contribute  to  the  sprite  and  jet  struc¬ 
ture.  Since  both  the  effects  are  enhanced  at  the  periph¬ 
ery  of  a  thunderstorm,  the  luminous  structures  may  be 
expected  at  some  distance  from  the  parent  stroke. 


In  our  report,  we  analyze  different  models  of 
lightning  strokes,  arriving  to  the  following  conclusions: 

•  Positive  cloud-to-ground  discharge  initiated  from  the 
top  of  the  lightning  channel  produces  dual  pulses  in 
the  atmosphere. 

•  Broken  or  tortuous  lightning  multiply  reproduces 
radiation  pulses.  Substantial  transverse  transient  field 
appears  that  depends  on  orientation  of  the  horizontal 
section  of  the  channel.  Vertical  part  of  the  stroke  is 
responsible  for  the  static  field.  This  field  persists  until 
the  vertical  charge  dipole  moment  is  present.  Hori¬ 
zontal  branch  generates  the  intense  pulses  that  con¬ 
tribute  to  the  transient  electric  field. 

•  Combination  of  vertical  and  horizontal  currents  in  a 
lightning  source  increases  the  amplitude  of  the  tran¬ 
sient  electric  field  observed  in  the  atmosphere. 

•  Branching  of  the  stroke  results  in  overall  decrease  of 
radiation  from  the  horizontal  currents  due  to  interfer¬ 
ence  between  individual  pulses.  This  is  why  the  hori¬ 
zontal  part  of  a  symmetrical  'spider'  stroke  does  not 
radiate. 

•  Transient  fields  vanish  at  the  ground  surface  or  right 
above  the  stroke.  Therefore,  the  high  altitude  airborne 
observations  should  be  used  to  detect  the  above  fea¬ 
tures  performed  at  distances  of  tens  of  kilometers 
from  the  discharge. 

•  Pulse  component  of  the  field  substantially  modifies 
the  electron  driving  force.  Vector  of  the  force  ac¬ 
quires  vertical,  horizontal  radial  and  sideways  com¬ 
ponents  at  the  onset  of  the  pulse.  Horizontal  distance 
where  electron  focusing  may  occur  lies  between  25 
and  75  km  from  the  stroke. 

•  Density  and  temperature  disturbances  in  the  atmos¬ 
phere  above  a  thunderstorm  may  contribute  to  the 
initiation  of  the  plasma  process.  Both  the  disturbances 
and  electron  focusing  are  enhanced  at  the  periphery 
of  a  storm,  so  the  luminous  structures  must  be  ex¬ 
pected  at  some  distance  from  the  parent  discharge. 
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Electromagnetic  waves  are  studied  in  the  ex¬ 
tremely  low  frequency  range  where  single  zero-order 
radio  wave  propagates.  We  apply  the  well  known  solu¬ 
tion  for  the  spherical  Earth-ionosphere  cavity.  Rele¬ 
vant  time  domain  fields  are  obtained  using  the  FTT 
algorithm.  The  field  distribution  had  been  obtained 
both  in  frequency-distance  and  in  time-distance  do¬ 
mains. 

Relief  of  the  amplitude  of  the  natural  radio 
signal  over  the  frequency-distance  plane  is  a  system  of 
summits  and  depressions.  The  maximum  energy  lies  at 
hundreds  of  Hz  when  the  source-observer  distance  is 
small.  This  explains  an  effectiveness  of  the  nearby  dis¬ 
charge  location  using  the  slow  tail  atmospheric  tech¬ 
nique.  The  high  frequency  signal  rapidly  decays  when 
the  distance  grows,  and  from  some  megameter  dis¬ 
tance,  amplitude  reaches  its  maximum  in  the  Schumann 
resonance  (SR)  frequence  band.  This  is  why  the  global 
lightning  location  is  a  success  based  on  the  SR  tech¬ 
niques. 

Natural  ELF  pulse  travels  within  the  Earth- 
ionosphere  guiding  system  with  a  constant  velocity  and 
‘bounces '  from  the  source  and  its  antipode.  The  pulse 
width  gradually  increases  along  the  propagation  path 
due  to  natural  filtration  of  the  high  frequency  compo¬ 
nents.  Meanwhile,  distance  dependence  of  the  pulse 
amplitude  depends  on  both  the  geometrical  focusing  of 
the  signal  in  a  spherical  cavity  and  the  high  frequency 
absorption. 

ELF  radio  wave  propagation  from  the  natural 
source  of  radiation  in  the  Earth-ionosphere  waveguide 
is  analyzed.  We  introduce  the  vertical  electric  dipole  as 
the  natural  EM  source  of  radiation  that  models  the 
lightning  return  stroke.  The  spectrum  radiated  is  sup¬ 
posed  to  be  independent  of  frequency  (a  delta-pulse  in 
the  time  domain).  The  extremely  low  frequency  (ELF) 
spectral  components  of  an  electromagnetic  wave  are 
described  using  the  mode  theory  for  the  spherical 
Earth-ionosphere  waveguide: 


E  (jj)-/V(V/  +  1)  Mc^  ^[cosfc-0)]  (1) 

co  Aa2he  sin^v 

Here  \f  a>)  is  the  propagation  constant  of  the  ELF  radio 
wave,  co  is  the  circular  frequency,  Mfco)  is  the  current 
moment  of  the  source,  6  is  the  angular  distance  be¬ 
tween  the  source  and  observer,  a  is  the  Earth’s  radius,  h 
is  the  effective  height  of  the  ionosphere,  s  is  the  dielec¬ 
tric  constant  of  the  free  space,  P  fix)  is  the  Legendre 
function. 

The  following  model  parameters  are  specified: 
a  =  6.4  Mm,  h  =  60  km,  and  Mc  =  const  =  108  Am.  Main 
emphasis  is  made  in  the  work  to  the  vertical  electric  filed 
Er  component.  An  heuristic  frequency  dependence  was 
introduced  for  the  ELF  propagation  constant 

v(f) = (f-2)/ 6-jf/l  00  (2) 

based  on  the  experimental  coherent  SR  data  which  we 
extrapolated  to  the  higher  frequencies. 

When  computing  the  fields  we  applied  the  zonal 
harmonic  series  representation  for  the  Legendre  functions 
in  the  SR  frequency  range  from  a  few  Hz  to  250  Hz  and 
accelerate  the  convergence.  At  higher  frequencies  the 
asymptotic  expansions  are  used:  the  cosine  asymptotic 
first,  and  the  exponential  expansion  then  (f>  1700  Hz). 

ELF  spectra  were  computed  for  the  source- 
observer  distances  (SOD)  up  to  the  source  antipode 
D  =  20  Mm  in  the  frequency  range  from  4  to  1 700  Hz.  A 
survey  of  the  computed  data  is  shown  in  Fig.  1 .  Here  a  3- 
D  view  of  the  ELF  ‘highlands’  is  shown.  The  amplitude 
of  the  vertical  electric  field  component  is  plotted  over  the 
frequency-distance  plane  in  this  figure.  Source-observer 
distance  (SOD)  in  megameters  is  shown  along  the  ab¬ 
scissa.  Value  of  the  extremely  low  frequency  is  shown 
along  the  ordinate  in  logarithmic  scale  ( the  numbers  cor¬ 
respond  to  25-ln(f)].  The  vertical  electric  field  amplitude 
is  plotted  along  applicata  axis  in  mV/m  Hzm. 
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Frequency-Distance  Profile  for  the  ELF  Pulse  Signal 
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Fig.  1 .  3-D  map  of  the  £V  amplitude  above  the  frequency-distance  plane. 


Fig.  1  actually  presents  the  profile  of  the 
Green’s  function  for  the  electromagnetic  problem,  since 
the  model  source  used  in  computations  is  a  delta-source 
both  in  time  and  space.  The  SR  peaks  are  seen  in  the 
field  profile  at  the  lower  frequencies  having  resonance 
pattern  that  depends  on  the  interaction  between  the  di¬ 
rect  and  antipodal  waves.  This  pattern  is  used  to  estab¬ 
lish  the  SOD  when  studying  the  ELF  transient  events  or 
Q-bursts. 

Two  crests  are  seen  above  the  source  and  its 
antipode  divided  by  a  wide  valley  centered  around  10 
Mm  distance.  The  side  transverse  ridges  descend  into 
the  valley  depicting  the  individual  modes  of  the  Schu¬ 
mann  resonance.  Each  ridge  is  not  smooth,  it  consists 
of  a  series  of  summits  and  depressions.  Bottom  of  the 
valley  is  not  smooth  as  well,  it  is  covered  with  a  system 
of  regular  peaks  that  tend  approach  the  antipodal  ridge. 
The  valley  descends  and  becomes  more  uniform  when 
the  frequency  increases.  Spectacular  feature  of  Fig.  1  is 
the  system  of ‘side  canyons’  representing  the  ELF  field 
nodal  lines.  One  of  such  gullies  starts  from  the  10  Mm 


distance  (the  node  of  the  first  SR  mode)  and  moves  to¬ 
wards  the  source  and  antipode  crests.  The  system  of  can¬ 
yons  corresponds  to  the  family  of  hyperbolic  curves, 
when  a  linear  frequency  scale  is  applied  along  the  ordi¬ 
nate. 

A  broad  spectral  maximum  is  seen  over  the 
short  source-observer  distances.  This  peak  occupies  fre¬ 
quencies  around  some  hundred  Hz  thus  indicating  the 
range  of  the  slow  tail  atmospherics.  When  the  distance 
increases,  the  peak  rapidly  decays  due  to  absorption  in 
the  ionosphere  that  grows  with  frequency. 

We  obtained  the  E \  (/)  waveforms  after  apply¬ 
ing  the  FFT  procedure  to  the  spectral  data.  Direct  and 
antipode  pulses  were  examined.  The  last  pulse  grows 
with  increasing  distance  and  is  not  seen  at  short  dis¬ 
tances.  For  the  considerable  distances,  the  Earth- 
ionosphere  waveguide  works  as  a  low-pass  filter,  and  the 
signal  at  higher  frequencies  attenuates  rapidly.  Ampli¬ 
tudes  of  direct  and  antipodal  waves  become  close  to  each 
other  when  the  SOD  grows  and  coalesce  in  one  pulse  at 
the  source  antipode  D=20  Mm. 
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ELF  Pulse  Bounce 
From  the  Source  Antipode 
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Fig.  2.  Reflection  of  the  ELF  pulse  from  the 
source  antipode. 


The  'plane  geometry'  pertinent  to  the  time  de¬ 
lay  of  the  direct  and  antipode  waves  is  demonstrated  by 
Fig.  2.  Dominant  role  of  the  shortest  distance  between 
the  source  and  observatory  is  rather  straightforward, 
since  it  determines  the  shortest  time  delay  of  the  EM 
pulse  arriving  to  the  observer.  The  role  of  antipodal 
path  is  not  so  evident  in  a  spherical  cavity,  since  this  is 
the  largest  distance  from  the  source.  Both  the  distances 
form  a  great  circle  path  40  Mm  long.  We  see  that  these 
two  arcs  determine  the  delay  of  the  pulses.  A  'perfect 
reflection’  is  observed  from  the  source  antipode. 
Meanwhile,  the  role  of  the  wave  guide  sphericity  is 
seen  in  the  modifications  the  pulse  amplitudes,  e.g.  in 
antipodal  enhancement  of  the  field. 


The  second  approach  is  based  on  the 
£0  slow  tail  atmospherics.  It  works  at  the 

distances  where  a  broad  high  fre- 
•  j  quency  spectral  maximum  is  observed 

mode  (see  Fig.  1). 

Relevant  slow  tail  pulse  width 
of  both  the  positive  and  negative  half¬ 
waves  gradually  increases  with  the 
distance.  This  feature  allows  for  evalu¬ 
ating  the  SOD  through  comparing  the 

\v  I  mutual  delay  between  positive  and 

!  negative  half-waves  in  the  arriving 

;  ELF  pulse,  provided  the  spectrum  of 

the  source  is  ‘white’  within  the  ana¬ 
lyzed  frequency  range. 

Fig. 3  demonstrates  the  pulse 
\  \  j  amplitude  versus  the  source-observer 

\  I  distance.  The  whole  propagation 

\  j  path  length  (the  circumference  of  the 

\  |  globe)  is  shown  along  the  horizontal 

\  axis,  and  the  relevant  pulse  ampli- 
i  tude  is  plotted  along  the  ordinate  in 
logarithmic  scale  measured  in  milli- 
120  volts  per  meter.  The  computed  range 

dependence  of  the  pulse  amplitude  is 
shown  with  dots. 

Sphericity  of  the  guiding 
system  shows  itself  in  the  field  amplitude.  Geometri¬ 
cal  enhancement  of  the  field  around  the  source  and 
antipode  has  been  discussed  for  a  long  time  in  the 
literature.  This  is  why  we  show  additional  lines  in  the 
plot  to  compare  our  results  with  ‘approximating’  am¬ 
plitude  variations  often  used  for  the  monochromatic 
signals.  An  exponential  attenuation  of  3  dB/Mm  for 
the  plane  wave  predicts  the  amplitudes  that  vary  in  a 
linear  way  within  the  co-ordinate  system  applied.  The 
inverse  distance  dependencies  fit  the  pulse  amplitudes 
in  a  better  way  (especially  the  1/D3/2  function)  but 
these  have  nothing  to  do  with  the  field  enhancement 
around  the  source  and  its  antipode.  The  asterisks  in 
Fig.  3  denote  the  results  calculated  for  a  classical  nar¬ 
row  band  representation  of  the  field  when  one  ac¬ 
counts  for  both  the  attenuation  (0.8  dB/Mm )  and  the 
focusing.  In  the  case,  the  amplitude  of  the  field  varies 


exp{-a#}/(sin  9)U2, 


Figs.  1  and  2  explain  two  existing  measure¬ 
ment  techniques  applied  in  the  ELF  range.  The  first  is 
used  in  the  Schumann  resonance  range  and  allows  for 
the  global  location  of  the  sources  of  powerful  ELF  tran¬ 
sient  events  or  Q-bursts.  This  technique  is  based  on  the 
variations  of  the  resonance  patterns  observed  for  differ¬ 
ent  source-observer  distances.  Fig.l  demonstrates  that 
such  an  approach  works  at  frequencies  lower  than  100 
Hi  or  within  the  SR  band. 


with  9  being  the  angular  SOD. 

Fig.  3  demonstrates  how  far  the  simple  dis¬ 
tance  dependencies  are  from  the  broad-band  pulse 
amplitude.  The  reason  lies  in  the  spectra  modifica¬ 
tions  that  occur  for  the  real  signal  when  the  source- 
observer  distance  varies.  Meanwhile,  the  pulse  delay 
depends  on  the  pure  geodetic  distances  between  the 
source,  observer  and  the  source  antipode.  It  varies  in 
a  linear  fashion  with  the  SOD. 


E^-(t),  mV 
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Pulse  Amplitude  vs  Propagation  Path 


Propagation  path  length,  Mm 


Fig.  3.  Distance  variations  of  the  slow  tail  amplitude 


The  following  conclusions  are  made  in  the  re¬ 
port: 

1.  Relief  of  the  natural  pulse  signal  over  the  fre¬ 
quency-distance  plane  resembles  the  ‘ELF  high¬ 
lands’  having  regular  ridges,  peaks  and  depressions. 
Peaks  and  depressions  form  the  chain  structures 
extended  over  hyperbolic  lines  in  the  frequency- 
distance  plane.  The  relevant  lines  become  the 
straight  ones  over  the  distance-period  plane. 

2.  The  electromagnetic  power  is  concentrated  over 
higher  extremely  low  frequencies  (some  hundred 
Hz)  when  the  source-observer  distance  is  small. 
This  explains  an  effectiveness  of  the  nearby  source 
location  using  the  slow  tail  atmospherics.  Beginning 
from  some  Mm  distance,  the  ‘high  frequency’  com¬ 
ponent  vanishes,  and  the  energy  shifts  into  the  SR 
band.  This  is  why  the  Schumann  resonance  supports 
the  global  location  of  the  powerful  lightning  dis¬ 
charges. 

3.  Radio  pulse  moves  with  a  constant  velocity  in  the 
time  domain.  A  ‘bouncing’  occurs  in  the  time  do¬ 
main  from  the  source  antipode  (and  the  source  it¬ 


self).  The  pulse  width  grows  monotonously  with  the 
propagation  path  length. 

4.  The  distance  dependence  of  the  natural  wide  band 
pulse  amplitude  is  conditioned  by  two  factors.  The 
first  is  the  field  focusing  around  the  source  and  the 
source  antipode  due  to  spherical  geometry  of  the 
guiding  system.  The  second  is  the  spectra  modifica¬ 
tions  due  to  absorption  in  the  ionosphere.  Attenuation 
of  the  higher  frequencies  governs  the  dependence  of  a 
pulse  amplitude  versus  propagation  distance. 
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Abstract 

This  paper  reports  on  a  new  type  of  mid-latitude 
multi-path  whistlers  based  on  the  observations  at 
Hobart,  Australia  and  Dunedin,  New  Zealand. 
Though  a  majority  of  whistler  elements  are  ducted, 
this  new  type  includes  a  non-ducted  whistler  as  well. 
The  study  is  based  on  the  detailed  comparison  of  the 
field-analysis  direction  finding  results  with  the  nose- 
extension  and  ray  tracing  computation  ones. 
Important  findings  have  emerged  from  this  study  are 
summarized  as  follows.  (1)  The  majority  of  whistler 
elements  are  ducted,  (2)  at  least  one  whistler 
element  was  experimentally  convinced  to  be  a  non- 
ducted  PL  (prolongitudinal)  whistler,  (3)  the  whole  life 
of  propagation  path  seems  to  be  of  the  order  of  6 
hours,  with  including  cyclic  occurrence  and  decay. 

1.  Introduction 

Mid-latitude  whistlers  in  the  magnetosphere  are 
generally  considered  to  be  attributed  to  the 
propagation  trapped  in  field-aligned  ducts  [1],  but 
some  authors  have  suggested  the  presence  of  non- 
ducted  mode  of  propagation  [2],  However,  the  finer 
details  of  propagation  characteristics  of  mid-latitude 


whistlers  are  not  still  well  understood. 

The  purpose  of  this  paper  is  to  provide  the 
characteristics  of  mid-latitude  whistlers  on  the  basis 
ofVLF  observations  Australia  and  New  Zealand,  and 
the  coordinated  comparison  of  direction  finding  (DF), 
nose-extension  analysis  results  and  ray  tracing 
computation. 

2.  VLF  observations 

VLF  observation  were  carried  out  at  Hobart 
(geographic coordinates;  42.8°  S,  147.4°  E;  geomag. 
lat.  51.4°;  L=2.92),  Australia  and  at  Dunedin  (geo¬ 
graphic  coordinates;  45.9  ”  S,  170.5  °  E;  geomag.  lat. 
50.4  ° ;  L=2.77),  New  Zealand  for  about  two  weeks 
from  August  16  to  31,  1994.  Fig.  1  illustrates  the 
location  of  observation  stations.  Wideband  VLF/ELF 
signals  in  a  frequency  range  from  1  to  8kHz  were 
recorded  by  means  of  digital  audio  tape  recorders 
(DATs)  for  the  three  field  components  (two  horizontal 
magnetic  field  components  and  vertical  electric  field 
component)  [3],  In  this  paper  we  will  report  only  the 
analysis  results  of  Dunedin,  because  the  occurrence 
rate  and  strength  of  whistlers  are  higher  than  that  of 
Hobart. 
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Figure  1 .  Location  of  VLF  observation  stations  of  Dunedin  and  Hobart,  and  the  results  on  the  locations  of 
ionospheric  exit  regions  of  different  whistler  elements  (A~H).  Only  ducted  whistlers  are  plotted  in. 


3.  Analysis  results  based  on  the  direction 
finding  and  nose  extension  methods 

General  structure  of  frequency  spectra  of  a  group  of 
whistlers  (normally  called  "multi-path"  whistlers 
originated  from  a  sferic,  as  illustrated  in  Fig.2)  is 
found  to  be  rather  stable  for  our  observation  period  (6 
hours)  from  22hLT  (at  Dunedin)  on  August  30  to 
4hLT  on  August  31 .  The  number  of  whistler  elements 
in  the  group  varies  from  time  to  time,  and  this  might 
imply  that  the  ducts  are  formed  and  decay  with  a 
small  cyclic  time  (of  the  order  of  hour)  [4], [5], [6].  But, 
the  whole  life  of  a  duct  seems  to  be  at  least  6  hours 
of  our  observation  period.  In  Fig.  2  elements  of  these 
multi-path  whistlers  are  tentatively  labeled,  such  as  A 
~  H.  Whistlers  E  ~  H  are  easily  identified  as  nose 
whistlers,  and  so  they  must  have  penetrated  through 
the  ionosphere  at  higher  latitude.  The  whistler 
elements,  A  ~  D  are  Considered  to  be  mid-latitude 
ones,  whose  characteristics  will  be  examined  here  in 
details. 

The  results  on  wave  polarization  of  the  three 


whistlers  A  and  B  are  summarized  as  follows,  which 
is  based  on  our  field-analysis  DF  by  using  three  field 
components  [3], [7], [8],  The  polarization  parameters 
(u,v)  are  based  on  the  information  at  different 
frequencies  (every  25Hz)  for  each  whistler.  The 
definitions  of  (u,v)  is  given  in  Okada  et  al.  [7],  and 
( u,v)-{0,-1 )  indicates  the  polarization  of  whistler¬ 
mode  waves  (right-handed  circular  polarization).  The 
distributions  of  (u,v)  for  B  is  broadly  peaked  around 
(u,v)=(0,-1),  which  means  that  this  whistler  B  is  nearly 
right-handed  circularly  polarized.  An  additional 
information  for  B  is  its  small  incident  angle  (/)  from  the 
ionosphere  to  the  free  space.  The  results  of  these 
directions  finding  indicate  that  whistler  B  has  exited 
the  ionosphere  very  close  to  the  observing  station  of 
Dunedin.  Another  hand,  the  distribution  of  (u,v)  for 
whistler  A  shows  left-handed  polarized  (v  is  mainly 
positive).  This  kind  of  left-handed  polarization  was 
found  by  Ohta  et  al.  [9],  This  fact  suggests  that  the 
ionospheric  exit  region  of  this  whistler  A  is  not  so 
close  to  the  observing  station,  as  compared  to 
whistler  B. 
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Figure  2.  An  example  of  a  train  of  multi-path  whistlers  observed  at  Dunedin  at  13h04m46s  UT  (Local  time 
=UT+12h)  on  August  30, 1994.  Whistler  elements  (of  course,  not  all)  are  tentatively  labeled  A~H. 


While,  we  describe  the  corresponding 
characteristics  of  whistlers  C  and  D.  The  polarization 
of  whistler  C  is  shown  to  be  generally  distributed 
around  ( u,v)={0,-1 ).  The  polarization  of  whistler  D 
{u,v)=(0.8,-1)  is  found  to  be  more  linear  than  that  of 
whistler  C,  which  indicates  their  propagation  in  the 
Earth-ionosphere  over  great  distances  [10]. 

We  now  perform  the  analysis  of  path  latitude  (L 
value),  equatorial  electron  density  N„  (cm-3)  and  the 
dispersion  of  whistler  (D;(s1/2))  by  means  of  the  nose- 
extension  method  [11],  The  dispersion  of  each 
whistler  labeled  from  A  to  D  is  shown  in  Fig.  2.  The  L 
value  for  whistler  B  estimated  by  the  nose-extension 
method  is  found  to  be  L=2.829  ±0.018  (N„  =1 1 12± 
21cm-3,  D=61s1/2),  very  close  to  that  of  the  ionosphere, 
as  based  on  the  field-analysis  DF.  This  indicated  that 
the  duct  of  whistler  B  has  extended  down  to  the 
ionosphere  (probably  F  region)  sometimes  found  at 
mid  latitudes  [9][12],  at  least,  during  this  observation 
period.  The  ionospheric  exit  points  of  whistlers 
labeled  from  A  to  H  except  C  by  means  of  the  nose- 


extension  method  and  our  field-analysis  DF  are 
marked  in  Fig.  1 .  Now  we  discuss  the  properties  of 
whistler  C  and  its  interpretation.  The  polarization  of 
whistler  C,  ( u,v)={0,-1 )  has  already  indicated  that 
whistler  C  has  exited  the  ionosphere  relatively  close 
to  the  observing  station  of  Dunedin  (of  course,  not  so 
close  as  compared  with  whistler  B),  but  its  L  value 
estimated  by  the  nose-extension  method  is  L=3.327 
±0.022  (N„  =641  ±6  cm-3,  D=69  s1/2),  being  very 
different  from  the  station.  If  we  assume  ducted 
propagation,  the  L  value  should  be  just^2.8.  So  that, 
we  reasonably  consider  that  the  apex  altitude  of  the 
propagation  path  for  whistler  C  is  much  higher  than 
the  corresponding  apex  for  its  ducted  propagation 
path,  but  the  exit  latitude  is  definitely  confirmed  by  the 
DF  to  be  relatively  dose  to  the  observation  station. 
The  most  promising  possibility  of  non-ducted 
propagation  mode  is  PL  (pro-longitudinal)  mode  of 
propagation  [13],  which  is  characterized  by  a  non- 
ducted  propagation,  but  being  approximately 
symmetrical  about  the  equator  due  to  the  presence  of 
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the  suitable  ionospheric  magnetospheric  density 
profiles.  No  doubt  we  could  find  a  PL  mode  of 
propagation  by  assuming  an  appropriate  latitudinal 
gradient,  on  the  basis  of  previous  ray-tracing 
computations  [9],  so  we  consider  it  unnecessary  to 


repeat  such  ray-tracing  computations  here. 

The  propagation  paths  of  ducted,  non-ducted  and 
PL  mode  whistler,  penetrate  through  the  ionosphere 
very  close  to  the  observing  station  of  Dunedin  are 
shown  in  Fig.  3. 


Geomagnetic  latitude  [°  ] 


Figure  3.  The  propagation  paths  of  ducted,  non-ducted  and  PL  mode  whistler  penetrate  through  the 
ionosphere  very  dose  to  the  observing  station  of  Dunedin  are  shown.  The  dispersions  of  whistler  are  computed 
using  the  ionosphere/magnetosphere  electron  density  model  given  by  nose-extension  method. 


4.  Conclusions 

The  wideband  VLF  measurements  of  three  field 
components  at  two  stations  in  middle  latitudes  have 
made  it  possible  to  perform  the  DF  measurement  on 
and  apply  the  nose-extension  and  ray-tradng  results 
have  yielded  a  new  type  of  multi-path  whistlers 
induding  non-duded  whistlers.  The  most  important 


finding  of  this  paper  is  to  have  provided  convindng 
experimental  evidence  on  non-duded  whistler 
propagation.  We  can  expect  the  following  research 
such  that  a  particular  large-scale  horizontal  gradient 
supports  a  non-ducted  PL  mode  of  propagation  at 
some  specific  initial  and  final  latitudes,  and  that  many 
small-scale  duds  are  superimposed  on  such  a  large- 
scale  inhomogencity. 
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1.  INTRODUCTION 

Laser  triggered  lightning  is  a  technique  to  actively 
discharge  electrical  charges  in  thunderclouds  to  a  safe 
place  using  laser  produced  plasmas  conductivity-, 
thereby  protecting  important  facilities  such  as  power 
transmission  lines. 

The  authors'  research  group  had  been  conducting 
field  experiments  for  four  years  and  reached  a 
significant  milestone  in  technological  developments, 
verification  of  a  scientific  feasibility'  of  the  technique. 
In  the  course  of  the  experiments,  triggered  lightning 
phenomena  were  observed  with  various  lightning 
diagnostics  data  showing  that  laser  plasmas  trigger 
natural  lightning. 

This  report  describes  the  overview  of  the  field 
experiments  and  UHF  (Ultra  High  Frequency) 
interferometer  data  which  show'  both  temporal  and 
spatial  correlation  between  laser  plasma  generation  and 
lightning  initiation.  These  are  the  first  observations  of 
natural  lightning  being  triggered  by  laser  plasmas. 

A  concept  of  laser  triggered  lightning  is  depicted 
in  Fig.  1.  The  basic  idea  of  the  concept  is  to  induce,  so 
called,  "triggered  lightning",  occasionally  observed  in 
nature.  Natural  triggered  lightning  starts  from  a  top  of 
a  conducting  structure  such  as  towers.  Top  of  a  tow'er  is 
usually  covered  by  corona  charges  due  to  high  electric 
field  concentration  which  reduces  leader  initiation. 
Natural  triggered  lightning  is  considered  to  occur  when 
corona  charges  are  quenched  for  some  reasons  such  as 
abrupt  change  of  electrical  fields  under  thunderclouds 
and  thus  an  electrical  leader  starts.  Laser  triggered 
lightning  is  to  artificially  create  this  condition  using 
electrical  conductivity  of  laser  plasmas  and  to  initiate 
electrical  leader  propagation.  Laser  plasmas  are  created 
by  focusing  intense  laser  beams  to  the  top  of  a  lightning 
tower  through  focusing  mirror. 


There  are  four  critical  issues  for  successful  laser 
triggered  lightning  experiments: 

( 1 )  understanding  discharge  induced  process, 

(2)  characterization  of  laser  transmission  in  air 

(3)  formation  of  effective  plasma  channels 

(4)  determination  of  timing  of  laser  irradiation. 
The  first  two  have  been  discussed  in  previous 

reports  [1.2],  while  the  last  tu'o  issues  will  be  described 
in  this  report. 
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Fig.  1  The  concept  of  laser  triggered  lightning 


2.  FIELD  EXPERIMENTS 

There  are  two  types  of  thunderstorms  in  Japan,  the 
summer  thunderstorm  and  the  winter  thunderstorm.  An 
important  difference  between  them  is  its  electrical  field 
strength  observed  at  the  ground.  Since  altitude  of 
thunderclouds  is  determined  by  ground  temperature, 
the  height  of  winter  thunderclouds  are  lower  than  that 
in  summer  and  thus  exhibit  stronger  electrical  field  on 
the  ground  (typically  10  kV/m).  Strong  fields  are 
preferable  to  laser  triggered  lightning  studies; 
therefore,  an  experimental  site  was  chosen  on  the  Japan 
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seacoast  where  possibility  of  being  attacked  by  winter 
thunderstorms  is  high  [1], 

The  experimental  station  (see  Fig.  2)  consists  of 
five  principal  facilities,  laser  systems,  focusing 
telescopes,  lightning  tower,  operation  house,  and 
thunderstorm/lightning  diagnostics.  The  site 
configuration  is  shown  in  Fig.  1.  The  site  is  located  on 
a  200-m  high  hill  on  the  seashore  of  Japan  sea. 

The  laser  system  is  consisted  of  C02,  Nd:glass  and 
Nd:YAG  lasers.  The  CO:  laser  is  a  two-beam  system 
and  delivers  1  kJ  energy  in  50  ns  pulse  duration  per 
beam  from  an  unstable  cavity  (210  mm°  x3600  mm). 
The  glass  laser  is  a  MOPA  (Master-Oscillator  Power- 
Amplifier)  style  system  and  delivers  600  J  in  50-ns 
pulse  duration.  The  oscillator  has  a  60 -mm*  rod  in  an 
unstable  cavity.  The  oscillator  pulses  are  amplified  by  a 
three-pass  amplifier  with  two  100-mm*  rods.  The  pulse 
train  from  the  YAG  laser  is  converted  to  the  4th 
harmonic  (100  mJ/70  Hz)  and  produces  weakly  ionized 
plasma  channels  far  above  the  target  to  guide  a  leader 
towards  thunderclouds. 


Fig.  2  Laser  triggered  lightning  field  experimental  site 


These  laser  pulses  are  focused  to  the  top  of  the 
lightning  tower  to  produce  laser  plasma  (see  Fig.  3). 
Two  Cassegrain  type  telescopes  (1000  mm*  and  500 


Fig.  3  Laser  plasma  channel  at  the  dielectric  target  at 


the  top  of  the  lightning  tower 


One  arm  of  the  system  is  focused  using  a  cylindrical 
reflector  to  generate  a  plasma  channel  on  a  dielectric 
target  at  the  top  of  the  tower.  The  glass  laser  pulse  is 
also  focused  by  a  cylindrical  lens. 

The  dimensions  of  the  dielectric  targets  are  600 
mm'x600  mm*.  The  target  provides  a  stable  source  of 
plasma  even  in  a  strong  wind  or  corona  discharge 
where  aerosols  as  a  plasma  seed  are  strongly  depleted. 
Laser  pulses  with  a  line  focus  irradiate  the  target  and 
produce  strong  enough  plasma  to  initiate  an  electrical 
leader.  Another  arm  of  C02  laser  produces  a  2-m  long 
plasma  channel  over  the  target  to  guide  the  leader  out 
of  the  corona  region. 

The  thunderstorm  diagnostics  include  electrical 
field  meter  (Field  Mills,  FM),  corona  current  probes 
(CP),  meteorology  radar  systems,  broad  band  capacitive 
antennas  (Slow  Antenna,  SA)  [3]  and  UHF 
interferometers[4].  The  FMs  and  CPs  compose  a 
thunderstorm  monitoring  network  with  6  observation 
stations  around  the  site.  The  stations  are  distributed  in 
the  north-west  of  the  site,  a  typical  direction  of  cloud 
approach.  Using  the  network  and  the  radar  system, 
motion  and  height  of  thunderclouds  were  monitored  in 
real  time  basis  and  thus  the  laser  system  was  prepared 
for  shots.  There  are  two  types  of  interferometers,  one  is 
designed  for  detecting  a  direction  of  UHF  pulse  in  a 
short  range  (of  the  order  of  few  kilometers)  and 
another,  called  SAFER®  system,  is  for  long  range  (up  to 
a  hundred  kilometers)  detection  [5].  The  SAFIR  system 
consists  of  three  antenna  each  separated  by  100  km  and 
maps  the  location  of  the  UHF  source.  The  short  range 
interferometer  is  located  5  km  south  east  of  the  site. 
The  SAs  and  the  interferometer  were  used  to  map  out 
lightning  discharge  paths  with  a  microsecond  time 
resolution. 

It  is  crucial  to  determine  the  shot  timing  for  laser 
triggered  lightning.  Since  an  electrical  leader  initiated 
by  laser  plasma  needs  to  propagate  from  the  top  of  the 
plasma  channel  to  a  thundercloud,  certain  electrical 
fields  needs  to  exist  along  the  leader  progression.  The 
right  timing  of  laser  irradiation  is  when  a  thundercloud 
starts  to  discharge  its  charges  and  can  be  determined 
using  phenomenon  called  preliminary  breakdown  (PB), 
a  precursor  of  lightning  discharges  in  thunderclouds. 
The  discharge  process  in  a  thundercloud  lasts  a  few 
hundred  milliseconds,  while  laser  can  be  triggered 
within  microseconds. 

A  novel  technique,  called  PB  trigger  system,  to 
determine  precise  timing  of  laser  irradiation  has  been 
developed  [2] .  The  schematic  of  the  system  is  shown  in 
Fig.  4.  The  system  detects  PB  signals  and  gives  precise 
laser  shot  timing.  The  system  has  a  capability  of 
triggering  lasers  faster  than  thundercloud  response 
based  on  the  fact  that  a  whole  process  of  a  typical 
lightning  discharge  lasts  a  few  hundreds  ms  [6],  while 
the  laser  has  a  response  time  of  17  ps.  Using  this  time 
scale  difference,  laser  plasmas  can  be  produced  at  right 
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timing.  When  a  PB  starts  in  a  thundercloud,  signals  are 
detected  by  an  SA  or  a  CP  current  monitor.  Criteria  on 
frequency,  number  and  amplitude  of  PB  pulses  are 
preset  to  distinguish  them  from  noise  pulses. 


(3)  PB  identification  circuit 


Fig.  4  Schematic  of  the  PB  trigger  system 


3.  RESULTS 


experiments  and  explained  by  plasma  channel  decay 
time  for  which  plasma  species  is  dominated  by  02'ions 
acting  as  a  charge  source  for  leader  propagation. 


Tower  current(97/1/29) 


Time(ns) 


Fig.  6  Timing  of  laser  plasma  and  current  through  the 
lightning  tower. 


Two  laser .  triggered  lightning  incidences  were 
observed  with  extensive  data  set.  Leader  progression 
was  recorded  for  the  first  triggered  lightning  event  (see 
Fig.  5).  The  time  elapse  of  the  leader  development  from 
the  lightning  tower  was  recorded  with  a  3  3 -ms 
resolution.  It  can  be  seen  that  the  leader  branches 
upward  indicating  that  it  was  triggered  from  the  tower 
top  and  progressed  toward  a  thundercloud. 


Fig  5  An  upward  leader  triggered  by  a  laser  plasma. 
Each  frame  is  33  ms  duration,  a  CCD  camera  frame. 

Tower  currents  of  this  leader  propagation  was 
recorded  by  a  Rogovskii  coil  installed  on  the  tower.  The 
current  rising  is  lead  by  plasma  generation  by  2  ps. 
This  time  lag  was  observed  in  our  laboratory 


Figure  7  shows  UHF  radiation  (top)  and  tower  currents 
(the  second)  detected  by  the  interferometer  and 
the  Rogovskii  coil,  respectively.  The  lower  two 
are  the  mapping  (elevation  and  direction)  of 
UHF  sources  as  a  function  of  time.  As  shown  in 
the  UHF  plot,  there  is  a  UHF  pulse  detected  17 
ps  after  the  laser  trigger  indicating  that  the  pulse 
was  generated  by  a  leader  triggered  by  plasma. 
The  mapping  shows  that  the  source  of  the  signal 
exists  in  the  direction  of  the  site.  The  SAFER 
system  also  detects  pulses  at  the  experiment  site. 


Uar triggering  pdw  Time  (ps) 

Fig.  7  UHF  radiation  and  tower  current  triggered  by 
laser  plasma 

The  UHF  pulses  detected  by  the  interferometer 
carry  only  directional  information,  however,  their 
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origin  being  at  the  lightning  tower  is  confirmed  by  the 
SAFIR  data.  Both  the  temporal  and  spatial  coincidence 
of  the  UHF  pulse  at  the  plasma  production  indicates 
that  an  electrical  leader  and  consequently  lightning 
were  triggered  by  a  laser  plasma. 

This  lightning  event  observed  return  strokes  with 
a  peak  current  of  35  kA  and  total  discharge  of  about 
3C.  These,  are  typical  number  for  Japan  winter 
thunderstorm.  As  shown  in  Fig.  8,  most  of  the  strong 


Fig.  8  Electric  fields  mapping  in  the  vicinity  of  the  field 
experimental  site  before  (a)  and  after  (b)  the 
lightning  discharge. 


field  region  above  the  site  disappeared  after  the 
triggered  lightning  indicating  that  the  most  of  the 
charges  in  the  cloud  were  lowered  by  the  triggered 
lightning.  Assuming  that  the  size  of  this  strong  field 
region  is  same  as  that  of  charge  region,  single  shot  of 
laser  triggered  lightning  is  able  to  neutralize  at  least  2 
km  of  thundercloud  in  diameter. 


4.  SUMMARY 

The  combination  of  the  laser  systems  are  used  to 
produce  the  plasma  channels  effective  to  laser  triggered 
lightning.  They  enhances  the  plasma  life  time,  laser 
triggering  and  guiding  effects.  The  PB  triggering 
system  is  developed  to  take  advantage  of  fast  response 
of  laser  systems.  This  new  technique  of  triggering  the 
laser  system  according  to  the  thundercloud  conditions 
was  successfully  employed  in  the  field  experiments  and 
triggered  natural  lightning.  The  UHF  interferometers, 
SAFER  system,  slow  antennas  and  tower  current 
measurements  were  used  to  obtain  consistent  data 
which  show  the  leader  initiation  triggered  by  laser 
plasmas. 
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Electron  density  temporal  and  spatial  variations 
before  two  strong  earthquakes  with  their  epicenters 
located  at  different  latitudes  were  analysed.  It  was 
shown  that  low-latitude  ionosphere  reaction  on  the 
forthcoming  earthquake  is  not  similar  to  that 
observed  at  middle  and  high  latitudes.  The  attempt 
is  made  to  explain  anomalous  whistlers  prior  to 
and  after  the  low-latitude  earthquake  by  means  of 
severe  ionosphere  modification  close  to  the  region 
of  whistlers  entrance  into  the  magnet ospheric 
ducts. 

1.  INTRODUCTION 


Earthquake  preparation  processes  in  the 
lithosphere  manifest  themselves  at  ionospheric 
heights  in  a  different  way.  It  was  stated  that 
before  strong  earthquakes  with  M>5  ionosphere 
electron  density  profile  modification  exists  at  the 
height  range  of  100-1000  km.  As  a  rule,  the 
electron  density  of  the  main  ionospheric  peak  Nm 
over  the  epicenter  located  at  middle  and  high 
latitudes  some  days  before  the  main  shock  is 
greater  than  after  it,  exceeds  Nm  median  value, 
and  it  is  increased  in  comparison  with  Nm 
measured  outside  of  the  preparation  zone 
boundary.  Above-said  effect  manifest  itself  best 
at  night  and  it  is  assumed  to  be  one  of  the 
seismoionospheric  precursors.  Low-latitude 
ionosphere  reacts  on  the  forthcoming  earthquake 
in  a  different  way.  Over  the  epicenter  located  in 
the  vicinity  of  the  dip  equator  some  days  before 
the  earthquake  Nm  values  are  decreased  in 
comparison  with  expected  simulated  values  and 
those  measured  far  from  the  epicenter.  Nm 
spatial  redistribution  inside  the  earthquake 
preparation  zone  radius  exists  as  well  [7. 1]. 

Nevertheless  seismoionospheric 
phenomena  at  equatorial  (±  5°  off  the  magnetic 
equator)  and  low  (±20-30°  off  the  magnetic 
equator)  latitudes  are  not  so  far  sufficiently  clear. 

The  aim  of  the  presented  paper  is  to 
study  reaction  of  the  ionosphere  on  isolated 
earthquake  with  its  epicenter  situated  at  low 
latitude. 


2.  ELECTRON  DENSITY  VARIATIONS 
FOR  EARTHQUAKE  AT  LOW  LATITUDE 


We  have  analysed  retrospective  ionosonde 
data  for  the  earthquake  occured  on  October  1, 
1971,  with  its  epicenter  located  near  Vanimo 
(New  Guinea)  9=3.1°  S,  X=139.17°  E,  dip— 18°. 
Its  magnitude  was  M=8.1.  As  it  have  been  shown 
in  [7.2]  the  earthquake  preparation  zone 
dimension  at  the  F  layer  height  is  the  same  as  on 
the  Earths  surface,  radius  of  the  preparation 
zone  being  estimated  by  the  following  relation: 
R=eM  ,  where  M  is  the  earthquake  magnitude. 
Preparation  zone  dimension  is  in  the  case  under 
consideration  «3200  km. 

In  Fig.l  the  location  of  the  earthquake 
epicenter  (asterisc),  its  preparation  zone  (circle 
with  radius  3200  km),  and  mutual  position  of 
observation  points  are  shown. 

In  Fig. 2  F  layer  critical  frequency  (fo) 
diurnal  dependences  are  presented  for  Vanimo 
(9=2°  42'  S,  141°18'  E,  over  the  epicenter  of  the 
earthquake),  Townsville  (9=  19°  18'  S,  k=146°44' 
E,  outside  the  preparation  zone  of  the  earthquake 
but  close  to  its  boundary),  and  Brisbane 
(9=27°32'  S,  ^=152°55'  E,  too  far  from  the 
epicenter)  some  days  prior  to  the  earthquake. 
Dushed  curves  are  ones  calculated  by  means  of 
the  International  Reference  Ionosphere  [7.3]. 

Nm  corresponds  to  the  measured  by 
ionosondes  F  layer  critical  frequency  fo  as 
Nm=  1 .24x1 04  fo2,  where  Nm  is  scaled  in  el7cm3  and 
fo  is  scaled  in  MHz. 

The  definite  effect  of  the  earthquake 
preparation  is  seen  at  Vanimo.  Daytime  f0  values 
are  enhanced,  and  nighttime  ones  are  reduced  in 
comparison  with  calculated  fo  values  by  20-30%. 
At  the  same  time  at  Townsville  diurnal  behavior 
is  slightly  disturbed,  f0  being  10%  reduced  in 
daytime  and  enhanced  in  evening.  At  Brisbane  f0 
variation  is  similar  to  simulated  one.  According 
to  aforesaid  we  can  assume  that  the  southern 
slope  of  the  equatorial  electron  density  anomaly 
is  modified  some  days  before  the  event,  the  main 
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perturbation  being  observable  at  the  southern 
crest  which  coincides  with  the  epicenter  location. 
Unfortunately,  there  are  no  Port  Moresby  data 
just  before  the  earthquake  but  monthly  medians 
for  this  place  confirm  the  latter  idea. 
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Fig.l.  Mutual  locations  of  bottomside 
ionosondcs  and  Sugadaura  whistler  observatory  . 
Earthquakes  epicenters  are  pointed  by  asteriscs. 


3.  LOW-LATITUDE  ANOMALOUS 
WHISTLERS  DURING  THE  EARTHQUAKE 


It  was  shown  in  [7.4]  that  anomalous 
propagation  of  magnetosphcric  whistlers  at  low 
latitudes  (geomagnetic  lat.  20-30°)  is  the  other 
consequence  of  an  earthquake  preparation 
process. 

An  anomalous  whistlers  with  dispersions 
of  D>60  sec,/2  and  D=100  sec1/2  were  detected  at 
Sugadaira  (Japan)  tp=36°3 1 '  N,  /c=138°19'  E, 
L=1.33  on  25  and  29  September  1971,  six  and 
one  day  before  the  former  of  earthquakes  under 
concideration.  (The  dispersion  value  is  the 
characteristic  of  time  delay  of  a  whistler  during 
its  propagation  in  field-aligned  duct  and  wave 
frequency).  Such  anomalous  whistlers  continued 
to  be  detected  for  a  few  days  after  the  event 
(namely,  on  2  October).  Short  w'histlers  also 
appeared  beginning  from  29  August. 

In  this  connection  we  have  to  note  the 
follows.  Whether  the  low  latitude  ground 
whistlers  are  of  the  ducted  mode  or  the  non- 
ducted  mode  remains  a  question  not  yet  solved. 
Authors  of  [7.4]  believe  in  ducted  propagation  in 
the  case. 


The  earthquake  took  place  relatively 
close  to  the  region  of  entrance  of  the  whistlers 
into  the  magnet ospheric  duct  and  its  epicenter 
was  located  under  a  magnetic  field  line  between 
Sugadaira  and  its  conjugate  point. 


4.  DISCUSSION 


We  have  compared  the  ionosphere 
reaction  on  the  earthquake  close  to  Vanimo  with 
the  second  one  occured  a  bit  earlier  on 
September  6,  1971,  with  its  epicenter  located  near 
Wakkanai  (Japan)  cp=45°23'  N,  A  =  141°41'  E, 
dip=+60°.  Epicenter  location  is  marked  in  Fig.l 
by  asteric:  cp=46.5°  N,  X.=  141.1°  E. 

The  opposite  kind  of  f0  deviation  but 
worse  pronounced  is  observed  over  the  epicenter 
before  the  event  in  the  high  latitude  region 
(Fig. 2,  bottom  panel).  The  result  confirms 
already  known  fact  about  increased  Nm  in 
nocturnal  hours.  The  smaller  deviation  relatively 
to  that  observed  over  Vanimo  may  be  due  to 
smaller  earthquake  magnitude  M=7.2,  (R=1221 
km). 

Thus,  preparation  processes  of  isolated 
identical  earthquakes  with  different  epicenters 
positions  influence  the  ionosphere  in  a  different 
way. 


As  it  was  pointed  out  in  Section  1  the 
modification  of  the  ionosphere  over  the  epicenter 
occured  some  days  before  the  former  earthquake. 
Namely',  25  and  29  September  were 
characterised  by  severe  diurnal  variation  over  the 
epicenter  with  f0  enhancement  during  the  daytime 
and  fall  during  evening  hours.  The  same  picture 
but  not  so  good  emphasized  is  seen  on  2  October, 
just  after  the  earthquake.  On  28  September  when 
anomalous  whistlers  were  absent  there  were  an 
increased  Lvalues  even  in  the  evening  (Fig. 2). 

So,  at  the  waveguide  entrance  place  one 
can  observe  sharp  electron  density  temporal 
gradients  followed  by  anomalous  whistlers 
appearance. 

Epicentral  zone  where  the  ionosphere 
disturbance  is  observed  coincides  with  the 
equatorial  anomaly  crest  region,  so  any  plasma 
density  changes  there  have  to  lead  to  the  plasma 
redistribution  in  the  whole  equatorial  anomaly 
area.  Spatial  modification  of  the  electron  density 
over  the  preparation  zone  of  the  forthcoming 
equatorial  earthquake  was  observed  by  means  of 
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topside  ionosondes  [7.1].  In  our  case  of  the  low- 
latitude  earthquake  electron  density  spatial 
variation  is  also  really  observable  on  the  southern 
slope  of  the  equatorial  anomaly.  Such  kind  of 
horizontal  gradient  of  ionization  associated  with 
the  equatorial  anomaly  can  lead  to  some 
favourable  conditions  for  duct  trapping  at  its 
entrance. 

The  aforesaid  modification  of  the 
ionosphere  can  effect  on  non-ducted  propagation 
as  well. 

When  discussing  the  equatorial 
earthquake  consequences  we  have  proposed  [7.1] 
that  plasma  spatial  redistribution  before  the 
event  can  be  due  to  the  same  mechanism  as  it  is 
in  the  case  of  natural  equatorial  anomaly. 
Instead  of  horizontal  electric  field  of  electrojet 
origin  we  take  in  mind  electric  field  horizontal 
component  of  lithospheric  origin.  The  same 
mechanism  is  not  valuable  if  the  epicenter 
departure  from  the  magnetic  equator  is  more 
than  ±5°. 

In  order  to  stay  in  frames  of  our  position  we  have 
to  suppose  the  electric  field  of  lithospheric  origin 
generation  not  only  exactly  over  the  epicenter  but 
also  over  some  additional  area.  In  our  case  it  is 
approximately  1 5°  apart  the  epicenter,  i.e.  inside 
the  scale  of  the  preparation  zone. 

It  seems  that  the  latter  earthquake 
preparation  does  not  lead  to  anomalous  whistlers 
appearance  at  a  conjugate  point  because  there  is 
no  evidence  of  plasma  spatial  redistribution  close 
to  its  epicenter.  Unfortunately,  now  w'e  have  no 
experimental  confirmation  of  this  idea. 


5.  CONCLUSION 


There  are  some  difference  in 
seismoionospheric  reaction  between  earthquakes 
with  their  epicenters  located  at  low'  (including 
equatorial)  and  high  latitudes. 

Now  wc  have  a  reason  to  suppose  that 
sufficiently  severe  time  and  space  gradients  of 
electron  density  over  the  preparation  zone  of  the 
low'-latitude  earthquake  can  influence  on  the 
duct  trapping  conditions  and,  as  a  consequence, 
lead  to  anomalous  whistlers  appearance  before 
and  after  the  event  at  low  latitudes  of  the 
opposite  hemisphere. 
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Fig.2.  Diurnal  F  layer  critical  frequency 
variations  before  and  after  the  two  concidered 
earthquakes. 
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Changes  in  magnetic  and, 

especially,  in  electrical  component  of  the 
low-frequency  emission  field,  registered  on 
board  satellite  are  found  out,  when  its 
trajectory  crosses  the  contrast  forms  of  the 
"Solid  Earth”  topography  mid-oceanic 
ridges,  zones  of  continental  slope,  island 
and  mountain  massifs,  hights  and  ets. 

The  presented  results  of  data 
processing  of  the  wave  experiment  on 
"Intercosmos  19"  satellite  give 

confirmation  of  existence  electromagnetic 
lithosphere  process  manifestations  in  the 
upper  ionosphere.  Electromagnetic 

processes  revealed  in  the  work  are 
unequivocally  connected  not  to 
catastrophe  manifestations  of  the  seismic 
activity,  but  to  current  processes, 
occurring  in  the  lithosphere.  Interpretation 
of  the  received  results  is  given. 

1.  Indroduction 

Variations  of  intensity  of  the 
electromagnetic  emission  are  registered 
by  satellite  "Intercosmos  19"  when  it 
passes  over  deep  faults  of  the 
lithosphere  of  the  Barents  and  Kara 
Seas  [1-3]. 

2.  Experimental  data 

In  this  paper  the 
electromagnetic  emission  data  of  two 
near  orbits  233,  1537  "Intercosmos  19" 
satellite  over  the  Barents  and  Kara 
Seas  in  quiet  days:  on  March  15  1979, 


on  June  14  1979  (  Kp  =  2  h-  3).  These 
experimental  data  give  us  the 
possibility  to  verify  the  stability  of 
discovering  phenomenon  recently  [1-3] 
(relative  to  time  and  space). 

The  electric  and  magnetic 
component  VLF  emissions  in  10 
minutes  of  four  frequencies  from  140 
Hz  to  15000  Hz  of  233  and  1537  orbits 
has  been  considered  for  a  detail 
comparison.  The  satellite  trajectories 
have  crossed  the  contrasted  forms  of 
the  Earth  crust:  the  Medvezhinsko  - 
Nadezhdinsky  graben  system,  the 
Central  massif  of  Svalbard  microplate, 
the  Nordkap  graben,  the  Finnmark 
massif,  the  East  Barents  graben,  the 
Novaya  Zemlya  microplate.  All  these 
forms  are  limited  or  are  divided  by 
deep  faults  of  sufficiently  ancient 
origin  which  keep  their  activity  during 
the  long  period  of  the  last  1  -  2  million 
years.  In  the  eastern  region  of  the 
Barents  Sea  the  deep  faults  are  broad 
zones  with  crack  systems  in  the  near  - 
surface  structure  of  the  bottom  and 
with  fault-flexures  within  sedimentary 
cover  and  others.  This  indicates  that 
they  function  in  the  regime  of  common 
stretch  of  the  region. 

The  projection  of  orbits  233 
(shade  line)  and  1537  (solid  line)  to  the 
Earth  surface  is  shown  in  Figure  la. 
The  driving  of  the  intensity  electric 
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component  of  the  electromagnetic 
emission  is  shown  in  Figure  lb.  The 
Earth  crust  section  in  the  Barents  - 
Kara  Sea  region  is  shown  in  Figure  lc. 
The  magnetic  component  of  VLF 
emission  is  not  considered  here.  The 
variations  of  magnetic  component 
intensity  over  the  deep  faults  are  shown 
in  Figure  2b  for  orbit  1537. 

The  comparison  of 
electromagnetic  emission  data  with  the 
Earth  crust  section  permits  us  to  mark 
the  following  particularities.  We  pick 
out  several  typical  zones  of  the 
variation  intensity  VLF  emission  which 
are  marked  in  Figure  lb  as  zones  a,  b, 
c,  d,f  g. 

The  decreasing  field  of  the 
electromagnetic  emission  (the  zone  b) 
is  observed  over  the  relatively  stable 
crystalline  massif  -  the  Central  massif 
of  Svalbard  microplate.  The  solidity  of 
the  massif  is  a  possible  reason  of  that. 
The  decreasing  field  of  the 
electromagnetic  emission  is  observed 
over  a  very  big  depression  with  the 
thick  cover  of  sediments  too  (the  zone / 
over  the  East  -  Barents  graben).  The 
absorption  in  this  zone  is  a  possible 
reason  of  that. 

The  increasing  field  of  VLF 
emission  is  observed  over  the 
Finnmark  massif  (the  zone  d).  The 
field  increase  may  be  connected  to  the 
fact  that  the  massif  is  small,  the 
graben’s  zones  are  close  to  each  other 
and  that  is  why  the  common 
background  is  increased. 

The  disturbed  electromagne-  tic 
emission  zones  are  closely  connected 
with  the  border  deep  faults,  which  limit 
the  deep  grabens.  The  spades  of  the 
electromagnetic  emission  intensity 
over  the  Nordkap  graben’s  faults  and 
over  the  deep  fault  system  (the  zone  c 
and  e)  are  good  examples  of  that. 

The  location  of  the  spades  and 
their  configuration  is  just  the  same  in 
some  cases  on  both  orbits.  For 


example:  the  variations  of  the  intensity 
of  VLF  emission  over  the 
Medvezhinsky  system  (the  zone  a), 
over  fault  “system  42  E”  (the  zone  e) 
and  the  western  zone  of  Novaya 
Zemlya  (the  zone  g).  Besides,  the 
configuration  of  the  spades  of  VLF 
emission  intensity  is  just  the  same, 
when  the  intensity  is  increased  over  the 
Medvezhinsky  fault  system  (the  zone 
a)  and  over  the  western  Novaya 
Zemlya  system  (the  zone  g)  and  the 
intensity  is  decreased  over  the  border 
faults  “system  42  E”  (the  zone  e). 

It  should  be  noted,  that  the  high 
-  frequency  spades  are  occured  over  the 
deep  fault  system.  They  are  not 
observed  in  the  data  of  other  orbits  or 
are  observed  weakly.  The  intensity 
spaces  of  VLF  emission  on  frequency 
15000  Hz  over  the  deep  faults  (the 
zone  g)  and  over  the  deep  faults  of  the 
inside  region  of  the  East  -  Barents 
graben  (the  zone  b )  confirms  this  fact. 

You  can  see  the  simultaneous 
intensity  variations  of  VLF  emission 
on  two  orbits  233  and  1537  in  Figure 
lb.,  too,  where  the  satellite  passes  over 
the  deep  fault  system. 

3.  Results  of  correlation 
analysis 

Coefficients  of  the  correlation 
for  the  curves  of  VLF  emission 
(magnetic  and  electric  components)  on 
two  orbits  233  and  1537  are  received 
from  a  correlation  analysis  (Table  1). 

Table  1  .Correlation  coefficients 
between  intensity  VLF  emission  burst 
curve  for  magnetic  and  electrical 
components  on  two  orbits  (233  and 
1537). 


f,  Hz 

R-magn 

Relcctr 

140 

0,6443 

0,9218 

450 

0,0904 

0,4893 

800 

0,4467 

0,1981 

15000 

0,2317 

0,5585 
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On  the  frequency  140  Hz  the 
correlation  coefficient  for  electrical  and 
magnetic  components  is  more  0,5.  On 
the  frequency  15000  Hz  the  correlation 
coefficient  for  electrical  component  is 
more  0,5,  too.  On  the  frequency  450 
Hz'  one  for  electrical  component  is 
very  close  to  0,5  (R=0,4893).  On  other 
frequencies  the  correlation  coefficients 
are  less  0,5.  We  explain  it,  that  one 
curve  maximum  is  late  to  the  second 
curve  maximum  and  the  reason  of  that 
is  different  heights  of  these  orbits. 

4.  Conclusion 

The  comformity  of  the  Earth 
crust  structure  to  the  peculiarities  of 
VLF  emissions  has  been  found  from 
the  experimental  data  analysis.  It 
should  be  noticed,  that  one  of  the 
possible  mechanisms  of  this 
conformity  is  the  following.  The 
examined  border  (edge)  faults  are  long 
-  living  deep  zones.  They  separate  the 
large  Earth  crust  blocks  and  are 
characterized  by  high  warm  streams 
and  high  permeability  of  bowels  of  the 
Earth.  This  high  permeability  provides 
the  possible  circulation  of  activity 
water  and  gas  solutions  along  the  deep 
faults.  Thus,  they  are  peculiar  channels 
or  “vertical  conductions”  which 
connect  the  deep  bowels  of  the  Earth 
with  its  surface  and  the  atmosphere  and 
can  introduce  a  determined 
contribution  in  the  structure  of 
electromagnetic  emission  in  the  upper 
ionosphere. 

We  conclude  that: 

1 .  The  prominent  simultaneous 
variations  of  electric  component  of 
the  VLF  emission  intensity  on  all 
frequencies  of  the  spectrum  are 
observed  when  satellite 
"Intercosmos  19"  (orbits  233  and 
1537)  passes  over  the  deep  faults. 

2.  The  stability  of  the  measured 
parameters  of  VLF  emission  on  two 


orbits  233  and  1537  is  observed 
over  one  and  the  same  region  with  a 
three  months’  interval. 

3.  The  data  measured  by  satellite 
"Intercosmos  19"  have  given  an 
experimental  evidence  of  the 
electromagnetic  phenomenon 
existance  of  the  lithosphere 
processes  in  the  upper  ionosphere. 
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Fig. 2.  Experimental  data  of  VLF  emissions  on  orbit  1537  and  tectonical 
structures  of  the  lithosphere. 

a.  trajectory  of  "Intercosmos  19”  satellite  over  the  Barents  -  Kara  Sicas. 

b.  magnetic  (m)  and  electrical  components  (e)  of  VLF  emission. 

c.  tectonical  section  of  the  Earth  crust  along  the  satellite  trajectory. 
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It  is  shown  and  motivated  that  two  main 
groups  of  the  earthquake  precursors  exist  in  near- 
Earth  space.  There  are  plasma  anomalous  structures 
which  appear  above  the  epicentral  area  of  future 
earthquake  at  full  range  of  ionospheric  heights  and 
so-called  “ noise  ”  belts  in  VLF  band  registered  at 
both  hemispheres  by  low-orbit  satellites. 

For  the  both  types  of  space  precursors  it  was 
claimed  that  they  have  their  local  image  which 
depends  strongly  on  epicenter  location  and  on  time 
and  geographical  position  of  precursors  observations. 

1.  INTRODUCTION 

Earthquake  preparation  processes  in 
lithosphere  manifest  themselves  not  only  on  the 
Earth's  surface,  but  also  in  the  ionosphere,  and  the 
whole  complex  of  various  physical  phenomena  in  near 
Earth  environment  are  observable  [1-4], 

Amongst  them  we  have  to  take  in  mind 
ionospheric  plasma  density  reaction.  Particularly,  in 
the  majority  of  recent  publications  electron  density  at 
300  -1000  km  enhancement  over  the  preparation  zone 
of  the  future  earthquake  1  -  3  days  before  the  event  is 
emphasized.  This  effect  is  observable  at  night  hours 
and  assumed  as  one  of  the  seismoionospheric 
precursors.  Changes  depict  not  only  in  regular 
ionospheric  structure  but  also  in  the  irregular  one  [1], 
Some  days  before  the  earthquake  ionosondes  often 
register  E-  and  F-spreading,  Ea  appearance, 
anomalous  traces  like  stratifications,  crescent 
disturbances  (kinks)  etc.  All  of  them  testify  the 
presence  of  different  scale  inhomogeneities  during 
earthquake  preparing  stage  [4], 

VLF  precursors  which  appears  at  satellite 
orbits  some  hours  before  the  earthquake  are 
localized  close  to  magnetic  shell  corresponding  to 
future  earthquake  epicenter  and  have  a  belt-like 
structure  (longitude  aligned  on  more  than  some 
tens  thousands  kilometers)  [5],  There  are  some 
progress  in  investigations  of  space  plasma  precursors 
of  earthquake  -  the  magnetic  conjugation  of  ULF 
preseismic  emission  on  satellite  orbits  was  found  [  6] 
in  both  hemispheres.  It  neans  that  some  signature  of 
precursor  could  be  found  inside  the  geomagnetic  flux 
tube  (shell)  connected  both  conjugated  midlatitude 
ionospere  regions  (L=l.  5-1.75)  where  the  ULF 


precursors  on  satellite  orbits  were  registered. 
L=l+he/Ro  is  Maclllwain  parameter.  Here  he  is 
equatorial  height  of  magnetic  field  line  connected  with 
epicentre  and  Ro  -  is  the  Earth  radius. 

Based  on  the  quantitative  characteristics 
of  seismionospheric  precursors  and  their  comparison 
with  atmospheric  potential  disturbances  parameters 
and  preparing  zone  dimension  on  the  earth's  surface  it 
is  concluded  [2-4]  that  the  anomaly  of  the 
atmospheric  electric  fields  created  by  the 
lithospheric  processes  (including  possible 
modification  of  atmospheric  electricity  redistribution 
due  to  the  radioactive  or/and  aerosol  emanations  ) 
before  earthquakes  may  be  the  reason  for  the 
generation  of  seismo-ionospheric  disturbances  as 
space  earthquake  precursors  even  in  magnetically 
conjugate  region. 

The  difference  in  earthquake  preparation 
processes  manifestation  at  ionospheric  heights  can  be 
caused  by  unsimilar  physical  processes  in  low  and 
higher  latitudes.  In  our  opinion  the  electric  field  of 
lithospheric  origin  which  by  one  or  another  way 
penetrate  up  to  ionosphere  play  an  important  role 
anywhere.  So,  we  have  now  some  reasons  to  believe 
that  earthquake  epicenter  location  play  an  important 
role  as  to  differences  in  electron  density  modification 
over  the  preparation  zone  and  VLF  anomalies 
observation. 

2.  PLASMA  STRUCTURE  OF  IONOSPHERE  IN 
RELATION  TO  LOCAL  POSITION  OF  EPICENTRE 

Numerous  evidences  of  increasing  electron 
concentration  over  the  epicenter  some  days  before 
the  future  earthquake  have  been  published  in  recent 
years  (see  [1]  and  references  there  in  for 
example).  Consecutive  two  days  before  the  day  of 
earthquake  F  -and  E-  layers  critical  frequencies  over 
the  epicentral  region  increase  by  1-1,5  MHz.  It 
means  that  F-layer  penetration  frequencies  (foF2) 
measured  both  by  bottomside  and  topside  ionosondes 
before  the  eartquake  are  greater: 

•  than  after  it, 

•  in  comparison  with  (foF2)  measured  outside  the 
preparation  zone, 

•  in  comparison  with  median  value  of  (foF2)  at  the 
same  location. 
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Nevertheless,  when  analysing  the  AL0UETTE1 
ionosphere  data  [7],  we  came  across  with  the 
phenomenon  opposite  to  usually  observed:  (foF2) 
values  before  earthquakes  were  less  than  after  them, 
less  than  (foF2)  measured  outside  the  preparation 
zone  boundary,  and  comparatively  to  median  values. 

In  our  mind  the  absence  of  correspondence 
between  our  results  and  usual  point  of  view  is  not 
random.  We  have  analysed  ALOUETTE  topside 
ionospheric  data  obtained  some  days  before  and  during 
equatorial  earthquake  with  magnitude  of  M=6.9  on 
April  13,  1963  with  an  epicenter  600  km  to  N-W  of 
Huancayo,  Peru.  It  was  noticed  that  the  F-layer 
critical  frequency  (foF2)  dependence  against 
magnetic  inclination  shown  in  Fig.l  had  a 
pronounced  minimum  (deep  plasma  trough)  close  to 
magnetic  equator  and  two  maxima  in  both 
hemispheres  one  day  before  the  earthquake  although 
they  were  absent  during  two  weeks  before  and  after 
it.  The  regional  ionospheric  model  doesn't  predict  the 
existence  of  this  kind  of  equatorial  anomaly. 


Fig.l.  The  plasma  structure  in  the  ionosphere  one 
day  before  the  pending  earthquake  12.04.1963  (big 
black  circles).  The  rest  two  lines  are  foF2  values  more 
earlier  and  after  the  earthquke.Thick  horizontal  line  is 
the  esimated  earthquake  preparation  zone  dimension 
(the  zone  radius  R=exp  M=898  km  [2-3]).  By  EQ  sign 
the  epicenter  position  is  shown. 

It  is  proposed  that  the  generation  of  anomalous 
eastward  electric  field  at  the  epicenter  of  future 
earthquake  together  with  Earth's  magnetic  field  at 
ionospheric  level  may  cause  the  upward  vertical 
ionospheric  plasma  drift  over  the  epicentral  zone 
known  as  ‘fountain  effect’.  One  can  conclude  that  the 
electric  field  of  the  precursor  has  to  be  less  or 
compatible  with  the  electric  field  of  natural  origin 
leading  to  the  ‘fountain-  effect’  and  Appleton 
anomaly.  So,  the  electric  field  magnitude  of  the 
precursor  which  is  sufficient  for  this  aim  could  be  less 
than  one  mV/m  also  at  ionospheric  heights. 

In  order  to  decide  if  the  originality 
(distinction)  of  our  results  is  denoted  to  earthquake 
epicenter  location  near  the  magnetic  equator  we 
have  compared  ionospheric  data  for  equatorial 


earthquake  occured  on  October  1,  1971,  M=8.1  near 
Vanimo  (New  Guinea),  dip=-20  0  and  the  second 
earthquake  occured  on  September  6,  1971,  05.35  UT, 
M=7,2  close  to  Wakkanai  (Japan)  dip=+60°,  high 
latitudes.  Preparation  zone  dimensions  R= 
expM=3200  km  and  R=1221  km  respectively.  In 
Fig.  2  foF2  daily  variations  for  "disturbed"  (before 
the  earthquake)  four  days  are  presented  in  comparison 
with  month  median  for  ionosondes  situated  inside  the 
preparation  zone  of  the  first  earthquake.  In  Fig.3  the 
analogous  dependences  for  ionosonde  situated  in 
Wakkanai  before  and  after  the  second  earthquake 
are  presented. 


FIG.  2.  The  difference  of  foF2  for  four  days  before 
the  earthquake.  It  is  seen  very  well  the  premidnight 
MIN  (deviation  more  than  3  Mhz)  for  29-30.09  and 
presunrise  MAX  1-2  days  before.  The  ALOUETTE 
data  also  show  deep  plasma  trough  at  22  LT. 


FIG.3.  Daily  variation  and  premidnight  MAX  of 
foF2  before  the  midlatitude  Wakkanai  earthquake. 
Thick  line  is  month  median. 


584 


Without  going  into  details  we  make  a  conclusion 
that  definite  effect  is  seen  in  morning  and  evening 
hours  consisting  in  "disturbed"  foF2  values  relatively 
to  month  median  foF2  values  as  to  the  first 
earthquake.  Besides,  as  the  distance  between  epicenter 
and  ionosonde  increase  this  difference  is  less 
pronounced.  The  opposite  reaction  is  seen  in  Fig.3 
(premidnight  MAX)  in  the  case  of  the  second 
earthquake:  foF2  values  before  the  event  are  larger 
than  median.  The  same  result  was  obtained  in  [8]  by 
means  of  ionospheric  data  Milcovo  (L=  1.71)  situated 
not  far  from  Wakkanai  (L=1.43)  to  North,  but  for 
another  earthquake  of  the  same  magnetude  (M=7.3  ). 
Thus,  we  have  some  reasons  to  conclude  that 
earthquake  epicenter  location  play  an  important  role 
as  to  diffirences  in  electron  concentration 
modification  over  the  preparation  zone.  So,  one  can 
observe  electron  concentration  reduction  instead  of 
midlatitude  enhance  (see  Milcovo  and  Wakkanai 
events)  in  the  case  of  equatorial  earthquake 

3.  SEISMOIONOSPHERIC  VLF-EFFECTS  IN 
CONJUGATED  HEMISPHERES 

It  was  shown  [5]  that  the  onboard  satellite 
registrations  of  the  VLF-ELF  noise  in  ionosphere 
permits  detection  of  the  spatial-temporary  behavior 
of  the  zone  dimensions  where  the  intensive  low 
frequency  bursts  (over  epicentrial  region)  were 
observed.  The  reliability  of  this  observed  precursor 
effect  was  estimated  on  the  basis  of  experimental 
data  to  be  about  85  to  90%.  The  appearance  of  low 
frequency  noises  (emissions),  so-called  "noise  belts"  in 
the  upper  ionosphere  was  associated  with  the 
longitudinal  drift  of  the  energetic  seismo-particle  of 
the  inner  radiation  belt. 

The  high  conductivity  along  geomagnetic 
field  line  provides  hard  electromagnetic  coupling  of 
conjugate  ionosphere  regions  of  both  hemispheres 
and  ionosphere  disturbances  over  the  earthquake 
preparation  region  (or  precurcors)  have  to  form  their 
definite  images  in  magnetically  conjugate  region. 
INTERCOSMOS- 18  and  ALOUETTE  satellites  data 
were  analyzed  from  this  point  of  view.  Conjugate 
earthquakes  precursors  were  found  in  very  low 
frequency  (VLF)  emission  and  F2  peak  plasma 
parameters  [  6). 

It  is  necessary  to  note  that  the  VLF  signals 
measured  on  satellite  board  (500-1000  km)  are 
characterized  by  so  large  amplitudes  (comparable  with 
the  same  band  burst  amplitudes  measured  on  the 
Earth’s  surface)  that  they  can’t  be  assumed  as  a 
consequence  of  originated  on  the  Earth’s  surface 
signals  propagation. 

We  have  showed  [6]  that  aforesaid  signals 
observed  inside  the  centered  around  the  epicenter  of 
the  future  earthquake  longitudinal  “belt”  were 
followed  by  ones  existing  in  the  magnetically 
conjugate  (to  the  satellite  orbit)  region  in  the  opposite 
hemisphere.  They  are  in  turn  also  localized  inside  the 


longitudinal  “belt”  which,  as  it  became  clear,  is  a 
projection  of  the  VLF  precursor  zone  surrounding  the 
epicenter  on  the  appropriate  magnetic  field  line 
(L=L5-1.75). 

We  also  succeeded  in  detection  of  energetic 
perticles  corresponding  bursts  registered  on  board  of 
the  same  satellite  appeared  to  be  to  a  large  extent 
correlated  with  VLF  bursts  both  in  their  shape  and 
localization. 

The  aforesaid  facts,  namely: 

•  high  signal  magnitude  in  the  vicinity  of  the 
satellite; 

•  longitudinal  extent,  or  ‘belt-like’  structure  centered 
around  epicenter; 

•  good  magnetic  conjugation  with  signals  measured 
at  the  opposite  hemisphere; 

•  conjugated  VLF  signals  magnitudes  comparability; 

•  high  degree  of  VLF  bursts  correlation  with  energe 
tic  particles  flux  bursts 

allows  to  cofirm  that  VLF  earthquake  precursors 
discovered  more  than  15  years  ago  [5]  and  so  far 
intensively  studied  source  is  the  anomalous  fluxes  of 
energetic  particles  originated  in  the  epicentral 
(preparation)  zone.  The  hypothesis  was  proposed  even 
in  [5]  and  were  studied  from  the  theoretical  point  of 
view  in  details  latter. 

Nevertheless  we  succeeded  in  finding  of  new 
experimental  convincing  evidence  of  the  leading  role 
of  energetic  particles  in  VLF  earthquake  precursor 
generation.  Taking  in  mind  the  above  mentioned  we 
can  propose  some  topology  model  of  VLF-precursors 
in  nearest  Earth  space.  The  description  of  our  VLF 
space  earthquake  precursor  model  is  as  follows: 

Originated  above  epicentral  zone  anomalous 
energetic  particles  fluxes  reflect  from  the  mirror 
magnetically  conjugate  points  (for  L=1.5-1.75)  and 
drift  in  longitudinal  direction  making  VLF  signal 
“belts”  (due  to  beam-plasma  interaction).  So,  the  VLF- 
belts  are  caused  by  energetic  particles  (during 
anomalous  fluxes)  and  ionospheric  plasma  interaction 
in  the  vicinity  of  flying  satellites.  Thus,  the  precursors 
global  volume  appears  (in  space:  ionosphere- 
magnitosphere  )  as  cupola-shaped  shell  (which  is 
defined  by  geomagnetic  field  line  topology)  and 
symmetric  one  relatively  to  geomagnetic  equator.  The 
highest  shell  (cupola)  points  are  alongated  in  east-west 
direction  above  the  magnetic  equator.  Such  a  cupola 
props  up  on  longitudinally  extended  “belts”  where 
intensive  VLF  precursors  are  generated,  one  of 
the“belts”  being  without  fail  centered  around  the 
future  earthquake  epicenter. 

So,  such  type  of  precursor  can  be  veiy 
sensitive  to  geographic  position  of  future  earthquake 
epicenter  and  status  of  geomagnetic  activity. 

4.  CONCLUSIONS 

Taking  into  account  everything  of  above 
mentioned  it  is  not  surprisingly  that  investigations  of 
different  ionospheric  plasma  precursor  images  and 
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space  VLF  seismo-emission  show  the  remarkable 
peculiarities  which  depend  on  geographical  location  of 
earthquakes  epicentre  (equatorial  or  midlatitude 
event). 

The  first  kind  of  precursors  are  nocturnal 
ionospheric  anomalies  in  plasma  density  distribution 
which  appeare  over  the  earthquake  preparation  region 
some  days  before  the  main  shock  of  the  earthquake 
and  can  be  caused  by  local  changes  of  the  electrical 
parameters  '  of  the  spherical  condenser  (capasitor) 
formed  by  the  two  high  conductive  shells:  Earth’s 
surface  and  lowest  ionosphere  plasma  boundary.  It  is 
shown  thai  such  variations  of  the  atmosphere 
electricity  cause  appropriate  electric  field  at  the 
ionospheric  heights,  which  being  edded  to  existing 
natural  field  may  both  increase  or  decrease  its  action 
on  the  ionospheric  plasma  characteristics:  drifts, 
aeronomy,  plasma  chemistry,  ion  composition  etc. 
Anomalous  variations  appear  inside  whole  ionosphere 
volume  from  the  lowest  boundary  of  Earth’s  plasma 
shell  (80-100  km)  up  to  1000km  and  higher.  Under 
fortunate  coinsidence  precursor  electric  field  can 
generate  natural  phenomena,  ‘fountain-  effect’  for 
example  [7]  leading  to  Appleton  anomaly  in  the 
equatorial  ionosphere  over  future  earthquake  position. 
Estimation  of  electric  field  magnitude  necessary  to 
generate  observing  event  was  made.  It  was  shown  that 
the  electric  field  less  than  one  mV/m  must  be 
generated  in  the  ionosphere. 

The  second  type  of  precursors  are  VLF 
emission  registered  by  satellites  at  the  height  range  of 
500- 1000km.  Electromagnetic  emission  (radiation) 
anomalies  are  concentrated  in  longitude-aligned  belt 
orientated  along  the  geomagnetic  shell  passed  over  the 
future  earthquake  epicenter.  It  is  shown  that  during  a 
satellite  crossing  this  ‘noise’  belt  the  VLF  bursts  and 
correlated  in  time  and  space  energetic  particles  flux 
bursts  could  be  registered  not  only  over  the  preparation 
zone  but  also  in  magnetically-conjugated  region  [6],  If 
a  satellite  intersect  the  corresponding  magnetic  shell  to 
the  epicenter  at  the  too  large  heights  in  the 
magnetosphere  then  only  the  anomalous  energetic 
particles  fluxes  alone  will  be  registered  (monitored).  In 
the  intermediate  height  range  and  as  well  over  and 
under  this  magnetic  shell  (‘cupola’  above  the 
geomagnetic  equator)  weak  VLF  radiation  can  be 
registered  due  to  both  processes:  generation  and 
propagation.  The  wideness  of  belt  or  latitudinal  size  R 
define  by  simple  relation  (R=exp  M)  with  magnitude 
M  of  future  earthquake.  So,  it  may  be  assumed  as 
parameter  for  prediction  the  danger  of  earthquake  or 
its  power. 

There  are  a  lot  of  separate  information 
concerning  precursor  type  anomalies  in  energetic 
particles  fluxes,  but  so  far  there  is  no  complete  theoiy 
of  this  event.  This  fact  confirm  the  lithosphere- 
ionosphere-magnetosphere  interrelation  mechanism 
comlexity  before  the  earthquake.  It  also  pointed  out  to 
further  experimental  data  accumulation  validity, 
model  and  theoretical  conception  development,  and, 


possibbly,  organized  aimed  monitoring  of  plasma 
anomalies  on  the  satellite  orbits. 
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Abstracts - 

Today,  the  most  observatories  of 
seismogenic  emissions  to  purpose  of 
earthquake  prediction  are  used  below 
.VLF  frequency  range  in  the  world.  But 
usually  natural  and  man-made  noise 
levels  of  ELF,  VLF  and  LF  frequency 
ranges  had  been  inclqased  gradurlly 
entire  the  earth  after  1990.  And  the 
detection  for  earthquake  prediction 
signals  (so  called  seismogenic  emis- 
sion)is  becomes  to  impossible  for  the 
difficulties  of  separation  of  seismo¬ 
genic  signals  and  other  noises  under 
the  low  S/N  ratio.  The  authors  are 
started  an  experiment  of  the  modura- 
tion  signals  of  MF  broadcast  stations 
are  able  to  receive  by  the  VLF  recei¬ 
vers  as  interference  signal  prior  to 
earthquakes'.  This  phenomena  will  be 
able  to  explain  by  the  effect  of  ano¬ 
maly  electromagnetic  moduration  of 
disturvance  of  E  or  F  layers  of  iono¬ 
sphere  by  MF  broadcast  station  signal 
of  the  Luxemburg  effects  above  epi¬ 
center  area.  The  last  December  22nd, 
1997  at  22:10  JST,  a  earthquake  (M  = 
4.6,  D=10km)  was  generated  at  sea 
bottom  of  north  of  Awara  observation 
point  of  Fukui  Univ.  of  Tech.,  were 
frequentry  detected  anomarous  BC  sig¬ 
nals  between  one  day  before  and  few 
minuits  before  the  shock  without  any 
impulssive  noise  signal  interference. 


1 .  INTRODUCTION 

The  author  had  been  moved  my  posi¬ 
tion  from  a  professor  of  University 
of  Electro-Communications  to  Fukui 
University  of  Technology  at  April  in 

1996-,  for  my  retirement  of  UEC  by  the; 
age  limit.  The  Fukui  University  of 
Technology  is  one  of  the  private  uni¬ 
versity  and  the  location  is  in  the 
Fukui  city,  about  600km  by  railway  of 
northwest  of  Tokyo. 


The  Author  is  building  the  latest 
research  and  the  observation  facility 
for  the  space  science  and  the  seismo¬ 
genic  electromagnetic  emissions  (SEE) 
research.  The  location  of  facility  is 
in  Awara  town  of  the  northern  Fukui 
prefecture.  The  back  ground  noise 
levels  through  VLF  to  MF  range  around 
this  observatory  is  one  of  the  most 
quite  area  in  Honshu  island  rank  with 
former  Sugadaira  observatory  of  Univ. 
of  Electro-Communications.  The  faci¬ 
lity  buildings  are  set  on  the  island 
in  the  large  Kitakata  Lagoon. 

Today,  the  almost  observatories  of 
SEE  to  purpose  of  earthquake  predic¬ 
tions  in  the  world  are  observed  below 
VLF  frequency  ranges.  But,  since  1990, 
the  average  back  ground  natural  and 
man-made  noise  levels  over  the  earth 
were  increased  around  10  dB  or  more 
higher  than' 1980  decade,  and  to  obta¬ 
in  the  clear  signal  for  the  detection 
of  very  weak  signals  of  SEE  is  became 
to  impossible  by  the  difficulties  of 
the  separation  beteeen  seismogenic 
signals  and  other  noises. 

The  last  December  22nd,  in  1997  at 
22:09  JST,  the  earthquake  (  M  =  4.6, 
Depth  =  10  km)  were  generated  at  sea 
bottom  of  northern  off  shore  of  Fukui 
prefecture,  the  distance  between  epi¬ 
center  and  our  observatory  of  Awara 
is  approximately  50  km,  and  the  VLF 
observation  sensor  detected  anomarous 
BC  signals  clearly  between  two  days 
before  and  until  few  minutes  before 
the  main  shock,  without  any  distur¬ 
vance  of  impulsive  noise  interference 

We  were  started  an  experiment  and 
an  investigation  of  the  source  mecha¬ 
nism  about  modulation  interference 
signal  of  MF  broadcasting  stations 
could  be  detected  by  VLF  receivers  as 
cross-talked  type  interferens  just 
prior  to  earthquake.  This  phenomena 
will  be  able  to  explain  as  the  effect 
of  may-be  similar  to  "luxembourg" 
phenomena  on  the  top  of  the  earth- 
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Fig.  1.  A  Block  diagram  of  VLF  wave  receiver  built  at  Awara  obs. 
quake  epicenter  area,  which  is  gene¬ 
rated  by  the  anomaly  electromagnetic 
moduration  of  electron  density  dis- 
turvance  in  E  and  lower  of  F  layers 
according  to  the  AM  modulation  energy 
of  the  broadcast. 


2.  New  observation  facility  of  Awara 

Fig.  1  shows  a  block  diagram  of 
our  new  observation  facilities.  The 
original  purpose  of  this  facility  is 
a  routine  observation  for  the  plasma 
wave  and  whistler  wave  phenemena  in 
the  magnetosphere,  but,  of  course,  it. 
will  be  useful  to  use  as  the  detecter 
of  observation  for  electron  density 
disturvance  related  by  the  earthquake 
effects  in  the  ionosphere.  The  sensor 
is  consisted  of  a  large  one-turn 
delta  loop  antenna  with  an  electro¬ 
static  shield,  and  this  size  is  20'  Fig.  2.  An  antenna  of  Awara  observatory, 
meter  high,  39  meter  width  and  3 5 i ;  A  , 

square  meter  area  as  shown  in  Fig.  2  ^  Rubidium  and  Cecium  atomic  time 

The  effective  heights  of  this  loop  is  standard  clock  and  time  code  genera- 

4  cm  at  10  kHz.  The  impedance  match-  J-?r  with  time  comparator  of  GPS  sate- 

ing  characteristics  for  receiving  lite  are  used  to  the  time  standard 

frequency  of  this  antenna  is  almostly  system  for  this  observatory.  Then  the 

flat  from  15  Hz  to  1  MHz,  and  we  can  accuracy  of  time  stability  are  always 

take  out  any  desireble  observation  kept  to  1  pico  seconds.  Two  time  code 

frequency  in  this  range,  and  now  we  signals  that  is  IRIG-B  and  NASA  36 

connected  the  lower  band  circuit  bet-  Bits  are  supplied  from  this  time  code 

ween-  10  Hz  and  20  kHz.  generator. 
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Fig.  3.  The  position  of  Awara  observation  point  and  the  location 
of  epicenter  of  the  earthquake  at  22:09  JST  of  December  19th 
in  1997. 

3.  The  MF  broadcast  signal  cross-talk 
observed  at  Awara  obs. 

In  December  19th,  1997,  at  22:09  J 
(JST),  an  earthquake  (  M  =4,6,  Depth 
=  10  km)attacked  an  areas  of  northern 
Fukui  and  southern  Ishikawa  prefec¬ 
tures.  The  location  of  Awara  observa¬ 
tion  point  and  the  epicenter  of  this 
earthquake-  are  as  shown  in  Fig.  3. 

About  5  hours  prior  to  this  earthqua¬ 
ke,  the  VLF  receiver  of  Awara  obser¬ 
vatory  had  registered  the  quite  st¬ 
range  cross-talked  audio  voice  and 
music  signals  of  several  MF  broadcast 
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Fig.  4.  The  time  of  appeared  the  cross-talk  signal  of  MF  broad 

cast  stations  observed  at  Awara  of  the  earthquake  of  Decem¬ 
ber  19th  in  1997.  Black  line  shows  the  duration  of  cross¬ 
talk  appearance,  and  the  dotted  line  shows  the  time  of  back 
ground  noise  level. 


stations  in  the  50  km  of  northeastern 
area.  The  level  of  interference  was 
increased  gradually  until  the  level 
to  cirtificate  the  contents  of  seve¬ 
ral  MF  broadcasting  stations  in  Kana¬ 
zawa  area  and  erased  them  after  10 
minutes  of  main  shock  as  shown  in  Fig 
4.  The  frequencies  and  transmission 
power  of  these  stations  are  1107  kHz 
5kw,  1224  kHz  -10kw  and  1386  kHz  lOkw. 

As  the  primary  stage  of  research 
about  such  phenomena,  the  author  made 
following  two  scenarios  such  as; 

[1]  The  receiving  field  intensity  of 
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the  MF  broadcasting  station  when  they 
reflect  at  E  layer  is  amplified  to 
anomalous  levels  by  the  electron  den¬ 
sities  disturvances  on  the  top  of 
epicenter  area  of  the  earthquake  dur¬ 
ing  precursor.  And  the  stronger  field 
of  the  MF  signals  penetrated  into  the 
VLF  receiving  equipment  will  be  demo¬ 
dulated  at  the  nonliner  portions  of 
some  circuits.  Although  this  recent 
scenario  is  becomes  to  popular,  but 
this  explanation  included  many  diffi¬ 
culties  for  reasonable  theoretical 
analysis . 

[2]  The  radio  wave  of  MF  broadcast¬ 
ing  stations  are  radiated  from  anten¬ 
na  on  the  ground,  and  a  portion  of 
transmitted  power  will  be  influenced 
to  the  intensity  modulation  of  the 
electron  densities  in  accordance  with 
the  contents  of  AM  signals  in  the  E 
and  the  lower  portions  of  F  layer  of 
ionosphere.  When  the  SEE  electromag¬ 
netic  wave  is  generated  at  this  dis- 
turved  electron  density  regions,  the 
VLF  receiver  will  be  received  this  AM 
modulated  SEE  wave.  The  audio  output 
of  this  receiver  wiil  be  contained  of 
cros9-talked  signals  according  to  the 
modulation  of  the  broadcast  stations. 
This  is  famed  as  "Luxembourg"  effect. 

At  the  start  of  the  radio  broad¬ 
casting  by  the  LF  band  in  the  early 
1920,  when  the  french  or  belgium 
listeners  •  wish  to  receive  the  german 
stations  signal  .which  was  reflected 
at  the  ionosphere  on  the  top  of 
Luxembourg,  they  were  suffered  by  a 
strong  cross-talked  signals  of  Luxem¬ 
bourg  station  was  mixed  in  the  german 
signal  in  spite  of  the  different  fre¬ 
quencies  each  other.  But,  today,  the 
frequency  of  usually  Broadcast  sta¬ 
tions  were  shifted  from  LF  to  MF  band 
and  this  effects  is  reduced  by  the 
improvement  of  vertical  radiation 
pattern  of  broadcast  antennas  as  the 
Anti-fading  antenna. 

Although  in  the  past  intermodulate 
signal  received  at  just  prior  to  ear¬ 
thquake  at  Awara  is  impossible  to  an 
explaination  perfectly  as  Luxembourg 
effect,  the  VLF  SEE  signal  are  modu¬ 
lated  by  electron  density  disturvance 
of  ionosphere  at  they  generate  on  the 
top  area  of  epicenter  area.  The  epi¬ 
center  area  in  the  past  earthquake  at 
offshore  of  Ishikawa  is  located  about 
50  to  60  km  from  transmitting  antenna 
of  BC  station  in  Kanazawa  city.  This 
is  just  distance  which  reached  to  the 
transmitting  power  of  the  first  high 
angle  lobe  of  the  vertical  radiation 
pattern  of  usually  BC  anti-fading 
antenna,  The  reasonable  transmission 
power  reached  to  the  lower  ionosphere 
and  the  electron  density  will  be  able 
to  modulate  on  the  top  area  of  epi¬ 
center  of  ionosphere  [Yoshino  et.al. 
19931 . 


if  this  explanation  proccess  is 
correct,  the  SEE  observatories  by 
using  ELF,  VLF  and  LF  bands  which  are 
suffering  by  the  decline  of  the  SEE 
detection  levels  to  the  rise  of  the 
threshold  level  of  natural  and  man¬ 
made  background  noise  since  1990, 
have  produced  by  the  new  detection 
system  without  the  effects  of  noise 
level  increasing  using  the  modified 
Luxembourg  phenomena. 

The  Author  and  the  research  group 
will  studies  this  effect  by  using  the 
data  obtained  at  Awara,  to  progress 
the  investigate  of  the  generation 
mechanism  and  to  progress  of  the 
possibility  of  SEE  detection  systems 
without  the  rise  of  noise  level. 


4.  The  observation  the  HF  fading 
characteristics  related  the 
earthquake 

The  Author  is  planning  the  build 
of  a  new  research  system  for  the  HF 
dopplar  phenomena  observation  which 
observed  to  an  ionospheric  responce 
according  to  the  change  of  plasma 
waves  at  the  magnetospheric  region  by 
means  of  the  fading  characteristics 
variation.  Then  we  are  building  the 
HF  milti-direction  fading  characteri¬ 
stics  observation  facility  in  the 
Awara  campus.  By  this  equipments,  it 
seems  to  effected  of  possibility  the 
HF  fading  characteristics  variation 
against  the  effected  to  critically 
on  the  propagation  mode  of  internal 
gravity  waves  of  earthquake  phenomena 
If  this  idea  is  correct,  we  have  to 
be  a  new  possibilities  about  an  iono¬ 
spheric  responce  by  an  earthquake 
phenomena  which  have  the  different 
style  of  research  such  as  above  men¬ 
tioned  "Luxembourg"  phenomena. 

This  observation  system  for  Awara 
observatory  is  consisted  of  the  eight 
or  more  receivers  tuned  to  HF  stable 
transmission  stations  of  the  radio 
navigation  signals  from  radiuslly  to 
eight  different  directions  as  shown 
in  Fig.  6.  And  the  levels  of  AGC  vol¬ 
tages  of  each  receivers  will  be  re¬ 
corded  as  the  timely  variations  of 
electron  densities  of  the  ionosphere 
along  the  wave  propagation  path  by 
the  detect  of  the  fading  characteris¬ 
tics  of  each  directions.. 

Although,  this  equipment  is  not 
complete  at  today  by  the  financial 
problem.  As  an  example  of  observation 
results  of  HF  fading  characteristics 
at  November  16th  in  1997  obtained  at 
the  pretest  of  this  system  at  Awara 
observatory  is  as  shown  in  Fig.  7. 
For  this  observation,  we  are  building 
a  receiving  system  for  the  several 
different  HF  frequencies  and  we  also 
are  planning  the  build  of  two  points 
with  several  10km  separation  distance 
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interferometer  system  in  near  future. 
This  research  has  one  of  the  great 
expectation  item  for  us  in  future. 


DIRECTION 


Fig. 


5.  HF  fading  characteristics  observation 
directional  receivers  under  construction 


equipment 
at  Awara. 


with  8 


FADING 


6.  Conclusion 

The  observation  that  the  authors 
group  started  at  Awara  campus  as  one 
of  the  pioneer  works  in  the  world  is 
as  follows; 


(1)  By  the  "Luxembourg"  effects  that 
the  electron  density  variation  in  the 
ionosphere  are  modulated  according  to 
the  contents  of  the  AM  sideband  modu¬ 
lation  by  the  MF  broadcasting  station 
which  transmitted  from  an  antenna  on 
the  ground,  are  received  as  the  cross 
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talk  signal  at  the  VLF  receiving  site 
This  cross-talk  signal  were  received 
at  Awara  observation  point  as  a  prior 
to  earthquake  of  off-shore  of  Ishi- 
kawa  prefecture  '  on  February  19th  in 
1997.  Today,  the  investigation  of  the 
phenomena  of  this  crosstalk  signal  of 
MF  broadcast  station  were  received  by 
the  VLF  receiver,  is  only  stand  on 
the  starting  line.  At  the  Awara  ob¬ 
servation  point  will  continue  this 
research  until  the  build  up  of  the 
effective  observation  system  of  the 
earthquakes  prediction  to  obtain  the 
advance  points  of  this  cross-talk 
phenomena  against  the  groval  increas¬ 
ing  of  the  strong  level  of  natural 
and  man-made  noise  in  the  ELF,  VLF 
and  LF  bands.  Also,  we  will  continue 
the  observation  and  investigation  to 
obtain  the  physical  mechanism  of  the 
detailes  of  this  phenomena  by  using 
the  observation  data  of  Awara. 

(2)  At  Awara  observation  point  will 
extend  the  research  of  co-relation 
between  the  earthquakes  and  HF  fading 
characteristics,  the  investigate  of 
the  physical  effects  of  the  electro¬ 
magnetic  earthquake  precursor  pheno¬ 
mena  influenced  to  the  ionosphere. 
And  the  author  wishes  progress  to  the 
investigation  about  the  strong  emis¬ 
sion  of  HF  band  noise  generation  ob¬ 
served  as  Hyogo-ken  Nambu  earthquake 
(Kobe  earthquake)  [Maeda  et.al  1996], 
[Yoshino  1996a,  and  1996b]  and  the 
anomaly  propagation  characteristics 
on  the  VHF-FM  wave,  prior  to  earth¬ 
quake  observed  at  southern  Yatsugq- 
take  observatory  [Kushida  1997]. 
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ABSTRACT 

As  radio  frequencies  are  becoming  a  scarce  resource, 
governments  are  redesigning  their  national  assignment 
policies.  Next  to  technical(EMC-)  criteria,  also 
economical,  social  and  cultural  aspects  are  being 
integrated  in  the  process.  This  paper  argues  that 
international  spectrum  allocation  must  follow  these 
changes,  aiming  at  new  procedures  that  are  both  flexible 
in  time  and  acceptable  to  the  community  of  spectrum 
users  at  large.  Meeting  these  criteria  is  possible  if  the 
spectrum  is  no  longer  regarded  as  a  'common  resource  ’ 
but  rather  as  an  'open  resource Open  resource 
allocation  methods  promise  to  solve  the  problems 
inherent  in  the  established  methods. 


1.  REGULATING  THE  RADIO  SPECTRUM: 
ASSIGNMENT  AND  ALLOCATION 

This  paper  discusses  how  the  use  of  the  radio 
spectrum  is  currently  regulated.  Two  levels  of 
regulation  will  be  distinguished  here:  assignment  of 
the  radio  spectrum,  which  is  the  responsibility  of 
individual  nations,  and  allocation,  the  designation 
of  parts  of  the  spectrum  for  certain  types  of  use  at 
an  international  level.  Instead  of  approaching 
spectrum  management  as  a  strictly  technical  or 
EMC-problem,  we  treat  it  as  a  public  policy  issue 
with  a  strong  technical  dimension.  The  public 
character  of  this  problem  stems  from  the  properties 
of  the  radio  spectrum  as  a  ‘global  common’  and,  at 
the  national  level,  as  a  ‘public  good’.  [1][2] 
Historically,  the  role  of  governments  has  been 
primarily  to  prevent  unwanted  interferences,  often 
with  the  specific  aim  to  protect  military  and 
emergency  services.  As  the  use  of  the  spectrum 
increased,  especially  for  broadcasting  and 
telecommunications  purposes,  other  than  technical 
(EMC-)  considerations  had  to  be  considered:  the 
economic  value  of  spectrum  became  apparent,  as 
well  as  the  importance  of  controlling  the  content  of 
the  transmitted  messages.  This  prompted 


governments  to  distribute  the  benefits  derived  from 
the  radio  spectrum  between  private  and  public 
interests.  Consequently  political,  social  and  cultural 
issues  have  entered  the  process  of  spectrum 
distribution. 

In  our  description  of  the  policy  process  we  assume 
the  following  structure:  1.  definition  of  goals, 
2.  formulating  policy  options,  3.  evaluating  options, 
4.  implementation  and,  5.  measuring  of  effects  and 
feedback.  The  increasing  demand  for  spectrum 
urges  national  regulators  in  many  countries,  acting 
at  the  operational  level,  to  implement  new  policies 
for  spectrum  assignment.  We  note,  on  the  other 
hand,  that  international  spectrum  management  is 
still  in  the  policy  formulation  stage:  options  are 
being  explored  for  strategic  changes  in  the 
allocation  process,  which  are  to  be  applied  on 
medium  to  long  term. 

In  this  paper  we  investigate  the  first  three  stages  in 
the  policy  process:  which  goals  should  be  achieved, 
what  are  the  proposed  and  applied  policy  options, 
both  at  national  and  international  levels,  and  against 
which  criteria  can  these  be  systematically 
evaluated?  We  have  chosen  the  perspective  of 
national  governments,  which  play  a  pivotal  role  in 
spectrum  assignment,  by  co-ordinating  the  national 
spectrum  policy,  either  directly  or  by  means  of  an 
independent  regulatory  body,  and  in  international 
spectrum  allocation,  by  assembling  delegations  for 
various  gremia. 

2.  ASSIGNMENT  OF  THE  RADIO  SPECTRUM 

First  we  discuss  the  assignment  of  spectrum  at  a 
national  level.  It  was  noted  that  initially  frequency 
assignment  policies  were  rather  straightforward. 
There  was  no  shortage  of  required  frequencies,  and 
therefore  most  frequency  requests  could  be  granted. 
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The  main  goal  of  frequency  assignment  was  to 
promote  the  public  interest,  as  perceived  by  the 
government.  There  were  basically  two  important 
methods  (or  options)  for  frequency  assignment: 
priority  rights  and  "first  come,  first  served’. 1 

Because  of  the  relatively  simple  goal,  few  different 
issues  were  considered  when  evaluating  frequency 
assignment  options.  Those  considerations  were 
mainly  of  a  technical  and  administrative-legal 
nature. 

Technical  considerations: 

•  prevention  of  interference 
Administrative-legal  considerations: 

•  minimizing  assignment  costs; 

•  achieving  some  degree  of  social  acceptability. 
Because  of  the  public  interest  goal,  legitimacy 
of  policy  was  needed.  In  practice  this  meant 
reaching  agreement  with  the  few  parties 
involved  in  frequency  assignment. 

Having  sketched  the  methods  and  criteria  in  use  for 
spectrum  assignment,  we  turn  to  the  question  how 
these  have  developed  in  a  changing  environment, 
where  demand  for  spectrum  has  become  much 
higher  and  more  diverse. 

3.  SETTING  GOALS  FOR  SPECTRUM 
ASSIGNMENT:  AN  INTEGRATED  APPROACH 

Established  national  frequency  assignment  policies 
have  lately  been  criticized  for  two  main  reasons. 
Firstly,  most  applied  policies  have  been,  or  still  are, 
far  from  transparent.  Secondly,  frequency  scarcity 
has  rapidly  become  an  important  issue.  Due  to  many 
developments,  in  particular  the  growth  of  mobile 
telecommunications,  the  demand  for  certain 
frequencies  has  exceeded  the  supply  by  far. 

To  increase  the  supply  of  frequencies  is  an  EMC 
problem:  this  can  for  instance  be  achieved  by 
enabling  the  use  of  higher  frequencies,  or  by 
developing  more  efficient  frequency  sharing 
technologies.  It  is  noteworthy  that,  from  the 
engineering  point  of  view,  the  emphasis  shifts  from 
merely  preventing  interference  to  the  design  of 
more  efficient  uses  of  bandwidth. 

To  limit  the  demand  for  frequencies,  however, 
assignment  policies  can  be  used.  This  possibility  to 


Frequencies  can  be  used  for  a  great  variety  of  purposes,  which 
can  generally  be  divided  into  four  categories:  i)  state  security  use 
and  defense,  ii)  commercial  use,  iii)  broadcasting,  and  iv) 
miscellaneous.  Priority  rights  were  often  used  for  frequency 
assignment  to  state  security  and  defense  services,  whereas  ‘first 
come,  first  served’  was  used  for  other  assignments. 


alleviate  the  pressure  on  the  spectrum  through 
assignment  policies,  has  raised  the  interest  in  new 
options,  the  public  tender  and  the  auction. 

The  public  tender,  also  known  as  the  ‘beauty 
contest’,  became  of  interest  when  spectrum  scarcity 
occurred.  Theoretically,  this  can  be  considered  a 
market  based  approach  to  spectrum  management, 
but  in  practice  it  may  not  work  out,  since  the 
evaluation  of  competitive  proposals  can  be  based  on 
highly  subjective  criteria.  Currently,  because  of  the 
economically  oriented  approach  to  spectrum 
management,  the  auction  is  a  popular  policy 
instrument.  Several  countries  have  recently  used  the 
auction  to  assign  frequencies. 

With  the  demand  for  frequencies  exceeding  supply, 
several  other,  mostly  economic  considerations 
became  important  in  frequency  assignment  [3]: 

•  economically  efficient  use  of  spectrum 
(assigning  bands  to  those  who  value  them  most) 

•  stimulation  of  competition 

•  generation  of  financial  revenues  for  government 

•  restriction  of  influence  on  consumer  tariffs 
(governments  do  not  stimulate  a  raise  in 
consumer  tariffs,  because  this  harms  the  public) 

It  is  striking  that  the  evaluation  of  several  options 
for  frequency  assignment  still  is  quite  imbalanced. 
Where  initially  some  technical,  and  administrative- 
legal  issues  were  considered,  now  the  economic 
issues  predominate. 

We  promote  a  more  integrated  approach  to 
frequency  assignment  in  which,  additional  to  the 
technical,  economic  and  administrative-legal  issues 
already  mentioned,  the  following  issues  are  also 
considered. 

Administrative-legal  considerations  (additional): 

•  minimalizing  transition  problems; 

•  predictability  of  policies/legal  security; 

•  transparency  to  parties  involved. 

Technical  considerations  (additional): 

•  technical  dynamics,  e.g.  when  a  new  technology 
is  introduced,  spectrum  is  reserved  for  parallel 
use  of  both  old  and  new  technology; 

•  technically  efficient  use  of  spectrum.2 

It  can  be  observed  that  the  early  methods  for 
frequency  assignment  meet  with  most  of  the 
administrative-legal  considerations,  whereas  the  use 
of  auctions  meets  with  most  of  the  economic 
considerations.  For  a  more  elaborate  approach  on 
this  see  [3], 


Although  technically  efficient  use  is  considered  important  in 
many  countries,  solid  definitions  appear  to  lack.  See  for  an 
EMC-related  approach  [4], 


597 


We  argue  here  that  the  assignment  process,  and  its 
design,  should  ideally  address  most  of  the  criteria. 
To  achieve  such  an  integral  approach  to  frequency 
assignment  just  choosing  between  ‘first  come,  first 
served’,  or  (a  specific  design  of)  auctions  will  not 
be  sufficient. 

First  of  all,  the  interference  and  technical  dynamics 
considerations  need  to  be  considered  prior  to  the 
actual  assignment.  Secondly,  the  economic  and 
administrative-legal  considerations  have  to  be  dealt 
with  in  the  assignment  process.  This  goes  beyond 
choosing  an  assignment  method.  Necessary  to 
accomplish  a  balanced  integral  approach  are,  for 
instance,  specific  licence  conditions  that  go  with  the 
assignment,  and  special  rules  for  specific  market 
players  (like  former  monopolists). 

The  successful  auction  of  PCS-frequencies  in  the 
USA  illustrates  this  point.  [5]  This  success  should 
partly  be  credited  to:  i)  the  10  year  licence  term, 
long  enough  to  stimulate  investments  by  licence 
owners,  but  also  flexible  enough  to  enable  future 
modifications  of  assignment  policies,  ii)  network 
build-out  requirements,  which  assure  a  rapid  service 
delivery  to  the  public,  iii)  spectrum  caps  for  cellular 
licence  owners,  to  prevent  them  from  acquiring 
spectrum  for  anti-competitive  purposes,  and  to 
promote  a  great  diversity  of  licence  owners. 

Thirdly,  the  technically  efficient  use  of  spectrum 
can  only  be  measured  during  the  actual  use  of  the 
spectrum,  i.e.  after  the  assignment.  To  enforce 
technically  efficient  use  of  the  spectrum,  it  is 
possible  to  charge  a  fee  to  spectrum  users:  the  more 
efficient  the  use  of  the  spectrum,  the  smaller  the  fee. 
The  possibility  of  such  regulatory  control  after  the 
assignment,  in  the  feedback  stage,  is  often 
neglected. 

Resuming,  successful  spectrum  management  is 
more  likely  if  the  complete  range  of  aspects  is  taken 
into  account,  and  all  steps  in  the  assignment  process 
are  being  considered. 

4.  ALLOCATING  THE  RADIO  SPECTRUM  IN  A 
CHANGING  ENVIRONMENT 

While  the  approaches  to  assignment  of  spectrum  at 
the  national  level  are  rapidly  being  adapted  to  the 
changing  environment,  certain  boundary  conditions 
will,  at  least  in  the  near  future,  still  be  determined 
by  the  allocation  of  spectrum  through  international 
institutions.  As  the  flexibility  of  assignment 
mechanisms  increases,  the  need  for  more  versatile 
international  allocation  schemes  also  becomes  more 
explicit. 


An  obvious  need  for  international  management  of 
the  radio  spectrum  comes  from  the  fact  that  radio 
waves  travel  across  national  borders  or  even 
between  different  continents.  The  role  of  the  radio 
spectrum  as  ‘fuel’  or  ‘resource’  for  global 
telecommunications  should  also  be  emphasised.  The 
demand  for  spectrum  is  growing  dramatically,  in 
particular  because  of  the  fast  technical  progress  in 
mobile  communications  coupled  with  the  opening 
of  deregulated  and  liberalised  telecommunications 
markets.  Access  to  spectrum  across  national  borders 
will  be  a  key  factor  for  participation  in  the  future 
world  economy.  Investments  in  world  wide  mobile 
communications  satellite  systems  reveal  the 
monetary  value  of  the  spectrum:  the  most  ambitious 
plan  so  far,  the  Celestri  system  announced  by 
Motorola  Inc.  in  the  summer  of  1997,  involves  an 
investment  of  no  less  than  $13  billion.  [6] 

Traditionally,  the  allocation  of  radio  spectrum  has 
been  a  task  of  the  International  Telecommunication 
Union  (ITU).  In  the  early  years  of  this 
organisations’  history  the  approach  to  spectrum 
issues  was  clear-cut:  preventing  interference  was 
the  main  objectives  of  establishing  the  International 
Telegraphy  Union  in  1865,  converted  into  the  ITU 
in  1932.  Allocations  of  spectrum  have  traditionally, 
and  formally,  been  the  outcome  of  lengthy 
negotiations  among  delegates  from  nation  states  at 
the  World  Radio  Conferences  (WRC).  With 
increasing  scarcity  of  the  spectrum,  these 
negotiations  have  become  extremely  complex  and 
politically  charged.  The  current  path  towards 
decision-making  is  such  that  smaller  interest  groups 
may  find  themselves  disabled  in  defending  their 
interest  in  spectrum,  while  industrial  consortia 
backed  by  powerful  investors  seem  to  become  more 
influential.  To  speak  with  Lee  (1996),  inequality  has 
become  institutionalised  in  the  current  system.  [7] 
Moreover,  the  process  of  negotiations  towards 
consensus  decisions,  is  far  too  slow  to  respond  to 
the  continuous  introduction  of  new  technologies  and 
services  with  decreasing  time-to-market  and  the 
accompanying  demand  for  rapid  allocation  of 
spectral  bands.  The  unsatisfactory  outcome  of  this 
situation  is  the  emergence  of  parallel  processes,  e.g. 
in  other  gremia  like  the  World  Trade  Organisation. 
This  entails  the  risk  that  more  influential  spectrum 
users  circumvent  the  negotiations  with  less 
influential  parties.  [8] 

To  illustrate  the  nature  of  conflicts  over  spectrum, 
we  refer  to  two  recent  cases.  Several  world-wide 
networks  of  non-geostationary  satellites  will  soon 
be  established,  either  for  mobile  telephone  services, 
or  for  wireless  broadband  and  multimedia  services. 
These  new  systems,  backed  by  large  industrial 
consortia,  have  been  allocated  considerable  blocks 
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of  radio  spectrum,  some  in  already  congested  bands, 
e.g.  around  1 .6  GHz.  Harmful  interference  is 
expected  by  other  spectrum  users  who  have  vested 
interests  in  these  bands.  Scientific  use  of  these 
frequencies  by  radio  astronomers  e.g.,  is  projected 
to  be  seriously  hampered,  leading  this  small  non¬ 
commercial  user  group  to  protest  vigorously.  [9] 
Likewise,  at  the  most  recent  WRC  a  conflict 
surfaced  between  the  vested  interests  of 
transmissions  from  geostationary  satellites  and  the 
proposed  plans  for  new  mobile  satellite  systems. 
[10] 

Essential  is  that,  while  in  principle  these  problems 
have  a  technical  (EMC-)  origin,  their  resolution 
cannot  be  achieved  by  a  technical  approach  only. 
The  broader  ‘design  requirements’  we  derived  for 
spectrum  management  can  be  summarized  as 
acceptability  and  flexibility.  The  first  refers  to  the 
achievement  of  solutions  that  maximise  benefits  to 
the  user  community  as  a  whole,  the  second  to  the 
necessary  adaptivity  to  a  rapidly  changing 
environment. 

Several  proposals  have  been  made  to  address  these 
problems  facing  international  policy.  Two 
approaches  for  reform  of  the  current  allocation  are: 

•  recurrent  re-definitions  of  (away  from 
traditional  service  separation); 

•  enforcing  the  jurisdiction  of  the  international 
institutions,  in  particular  the  ITU. 

These  two  options  may  fail  to  meet  the 
requirements  because  they  are  still  rooted  in  a 
traditional  approach  to  common-resource  allocation, 
with  characteristics: 

•  a  well  defined  institutional  structure,  with  one 
authority  holding  the  management  rights; 

•  well  defined  user-groups  who  obtain  user-rights 
from  the  distributor; 

•  a  division  of  the  radio  spectrum  into  distinct 
spectral  bands. 

The  traditional  methods  provide  rigid  answers  to  the 
questions:  who,  to  whom,  what?3  In  the  last  part  of 
this  paper  we  argue,  referring  to  developments  in 
spectrum  assignment  policies,  that  a  long-term 
solution  to  international  spectrum  allocation  needs 
to  address  these  three  questions  in  an  integrated 
way. 

5.  POLICY  OPTIONS  FOR  THE  FUTURE:  TOWARDS 
STRATEGIC  SOLUTIONS 

As  the  established  schemes  for  spectrum 
distribution  fail  to  work  in  the  presence  of 


Noam  (1997)  uses  the  expression  ‘licensed  exclusivity’  for  these 
characteristics  [11] 


increasing  demand  for  frequencies  and  conflicts 
among  user  groups,  adaptations  have  been  made, 
like  the  introduction  of  market  mechanisms.  These 
shift  the  authority  away  from  the  central 
institutions,  towards  the  users  themselves. 
Government  control  in  the  process  to  achieve 
certain  policy  goals  can  be  enhanced  by  modifying 
the  design  of  the  methods,  e.g.  provisions  for 
applicants  from  minority  groups  in  the  PCS- 
auctions  in  the  United  States.  [12] 

Limitations  inherent  in  the  traditional  methods, 
however,  urge  for  solutions  which  are 
fundamentally  different  in  the  way  they  address  the 
three  mentioned  characteristics.  Such  options 
consider  the  spectrum  as  an  open-access  resource. 
It  is  essential  that  in  these  proposals  members  of  the 
user-community  determine  the  access  to  spectrum 
themselves,  abandoning  for  a  large  part  the  existing 
institutional  structures  and  traditions. 

Sketches  of  such  new  paradigms  have  been 
presented  by  e.g.  Struzak  and  Noam.  [11,13]  The 
essence  of  these  approaches  is  their  self-regulatory 
nature.  Roughly  the  new  approaches  can  be 
classified  as: 

•  open  access  solutions; 

•  open  access  coupled  with  price  mechanisms. 

Struzak  sketches  a  network  of  coupled  computers 
with  a  world-wide  spectrum  allocation  system, 
somewhat  comparable  to  the  current  system  for 
airflight-ticket  reservations.  [14]  Users  would  book 
the  needed  spectrum,  whereby  the  allocation  would 
be  done  on  strictly  technical  (EMC-)  criteria, 
independent  of  the  user  or  the  message  content. 
Ultimately  this  would  render  the  current 
administrative  procedures  superfluous.  Control  of 
the  actual  spectrum  use,  by  monitoring  stations,  is  a 
key  element  of  this  proposal.  Such  a  system  would 
certainly  overthrow  the  traditional  methods  with 
central  authority,  fixed  user  groups  and  rigid  slicing 
of  the  spectrum.  [15] 

It  is  questionable,  however,  whether  this  would 
solve  the  problems  associated  with  spectrum 
scarcity:  the  solution  fails  to  address  the  question 
how  the  users  with  competing  interests  can  all  have 
management  and  user  rights  at  the  same  time. 

Noam  (1997)  presents  an  adaptation:  open-access 
coupled  with  a  price  mechanism.  In  this  system  all 
users  would  have  equal  rights  to  apply  for  spectrum, 
and  the  access  price  at  a  given  time  would  be 
determined  by  demand  and  supply.  Obviously, 
when  old  allocation  authorities  and  procedures  are 
abandoned,  some  authority  must  be  charged  with 
the  levying  of  access  charges.  Noam  suggests  the 
erection  of  non-govemmental  ‘clearing  houses’  for 
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this  purpose,  where  determination  of  access  prices  is 
done  in  an  objective  and  unpolitical  manner.  Open- 
access  is  an  extremely  flexible  solution,  independent 
of  a  particular  configuration  of  users  or  allocating 
authorities,  independent  of  the  functional  use  of  the 
spectrum,  and  adaptable  in  time.  Moreover,  it  is 
adjustable  to  the  scale  of  the  spectrum  problem: 
local  spectrum  issues  will  only  have  to  be  dealt  with 
locally  and  no  longer  need  to  be  regulated  on  a 
larger  scale  than  necessary.  The  redundancy 
currently  present  in  spectrum  distribution  methods 
will  be  reduced. 

This  leaves,  however,  an  acceptability  problem 
because  groups  requiring  spectrum  for  unprofitable, 
yet  socially  desirable,  purposes  may  be  barred  due  to 
financial  limitations.  Acceptability  can  be  improved 
if  the  proceeds  from  the  spectrum  pricing  are 
partially  returned  to  these  groups  as  a 
compensation.  A  different  option  is  the  a  priori 
reservation  of  fractions  of  the  spectrum. 
Interestingly,  the  system  has  built-in  incentives  for 
innovative  use  of  the  radio  spectrum  as  uncongested 
bands  will  be  cheap  or  free  to  use. 

The  promise  of  the  new  options  is  resource 
management  which  balances  the  conflicting 
interests  of  the  segments  of  the  user  community.  It 
is  only  by  renewing  the  institutional  structure  that 
the  necessary  flexibility  can  be  achieved,  thus 
providing  strategic  solutions  that  facilitate  global 
wireless  networking. 

6.  SUMMARY 

Increasing  demand  for  radio  spectrum  and 
emerging  conflicts  between  user  groups,  require  that 
this  public  good  is  being  distributed  in  different 
ways.  National  governments  have  therefore  started 
to  reform  their  assignment  policies.  Motivated  by 
the  apparent  deadlock  in  international  allocation, 
we  argue  that  the  reforms  at  national  levels  should 
be  accompanied  by  changes  in  the  international 
allocation  policies.  Based  on  the  lessons  learned 
from  new  assignment  methods,  new  options  should 
aim  at  an  integrated  approach,  incorporating 
technical,  economic,  cultural  and  social  factors. 
Instead  of  making  adjustments  to  the  current 
methods,  it  appears  a  better  strategy  to  develop 
fundamentally  different  methods  in  which  the 
institutional  structure  is  modified.  Open-access 
methods  provide  a  valuable  framework  for  such  a 
reform. 
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Study  Group  1  (Spectrum  Management),  of  the 
Radiocommunication  Sector  of  the  International 
Telecommunication  Union,  is  responsible  for  spectrum 
management  and  long  term  strategies  for  effective 
spectrum  use.  In  addition  the  Study  Group  provides 
assistance  to  developing  countries  in  cooperation  with 
the  Telecommunication  Development  Sector.  The  Study 
Group  also  studies  a  limited  number  of  specific  urgent 
Questions  concerning  inter-service  sharing  and 
compatibility  referred  to  it  by  the  Radiocommunication 
Assembly. 

1  GENERAL 

The  Study  Group  (SG)  is  responsible  for  the  overall 
development  of  principles  and  techniques  for  spectrum 
management.  The  chairman  and  vice-chairman  of 
Study  Group  1,  except  for  Mr.  Agrawl,  were  re-elected 
at  the  97  Radio  Assembly.  Mr.  Agrawal  who  served  as 
vice-chairman  of  the  Study  Group  and  Chairman  of 
Working  Party  1C  (  monitoring)  for  a  number  of  years 
was  elected  as  Chairman  of  the  Special  committee  on 
Regulatory /Procedural  matters  of  the 
Radiocommunications  Bureau  (BR). 

In  1997  the  SG  formed  Task  groupl/6  to  develop  a 
new  Recommendation  concerning  Appendix  28(S7)  in 
coordination  with  Study  Groups  4  &  9.  The  work  of 
this  Task  Group  is  also  being  coordinated  with  other 
study  groups  concerned  with  coordination  between 
their  radio  service  and  the  satellite  service. 

The  SG  is  investigating  on  an  urgent  basis  “Economic 
Approaches  to  National  Spectrum  Management.”  The 
SG  completed  the  first  phase  of  this  task  and  a  report 
has  been  completed  that  answers  many  of  the  questions 
that  were  originally  asked.  The  report  describes 
economic  approaches  that  promote  economic, 
technical,  and  administration  efficiency  and  can  also 
help  fund  a  national  spectrum  management  system. 


Task  Group  %  (Phase  2),  on  ‘Electronic  Exchange  of 
Spectrum  Management  Information”  has  completed  a 
draft  Radiocommunication  Data  Dictionary  (RDD)  that 
should  serve  as  a  guideline  for  future  spectrum 
management  computer  systems.  This  was  a  very  large 
task  and  required  the  cooperation  of  many  experts. 

The  past  period  was  a  very  successful  one  in  which 
many  new  Recommendations  and  other  documents 
were  approved  by  the  SG.  The  largest  attendance  at  a 
meeting  of  Study  Group  1  and  its  Working  Parties  was 
held  in  1996.  The  interest  in  activities  of  spectrum 
management  has  continued  to  increase  during  this 
period.  The  requirements  for  improved  and  effective 
spectrum  management  procedures  around  the  world 
continue  to  drive  the  work  of  the  study  group. 

2  ORGANIZATION 

The  SG  was  organized  into  three  Working  Parties  and 
three  Task  Groups  during  the  past  period. 

Working  Party  1 A  is  responsible  for  the  development 
of  engineering  principles  and  techniques,  including 
computer  analysis  for  effective  spectrum  management. 

Working  Party  IB  is  responsible  for  the  studies 
concerning  principles  and  techniques  for  spectrum 
sharing  criteria  and  methods  with  concerned  study 
groups.  A  Special  Rapporteurs  Group  was  established 
to  complete  the  report  on  Spectrum  Economics  for  the 
Radio  Assembly. 

Working  Party  1C  is  responsible  for  all  aspects  of 
spectrum  monitoring  for  a  national  spectrum 
management  system. 

The  three  Working  Parties  form  an  effective  working 
structure  and  the  SG  sees  no  reason  to  change  this 
other  then  to  clarify  the  definition  of  the  tasks  for  1 A 
and  IB  where  they  overlap. 
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Task  Group  %(Phase  1)  completed  its  work  with  the 
adoption  of  a  Recommendation  on  “Electronic 
Exchange  of  Spectrum  Management  Information.” 
Task  Group  'A  (Phase  2)  on  the  Radiocommunication 
Data  dictionary  (RDD)  completed  a  draft 
Recommendation  that  was  circulated  for  review  by  all 
concerned  study  groups  and  the  BR. 

Task  Group  1/5  on  “Unwanted  Emissions”  is 
continuing  the  work  of  Task  Group  1/3  (Spurious 
Emissions)  and  has  just  begun  its  work  to  develop  a 
Recommendation  on  “Out  of  Band  Emissions  and 
maintain  or  modify  Satellite  spurious  emission  limits” 
by  the  99WRC.  This  will  be  a  difficult  task  because  of 
the  conflict  between  spectrum  efficiency  concerns  and 
the  cost  and  practicality  of  developing  hardware. 

Task  Group  l/6(  Appendix  28(S7))  has  just  begun  it’s 
work  and  effective  and  timely  cooperation  between  all 
concerned  Study  Groups  is  required  to  complete  this 
task  by  the  99WRC. 

3  ASSISTANCE  TO  COUNTRIES 

The  SG  has  continued  to  provide  assistance  to 
developing  countries  in  cooperation  with  the  ITU-D 
that  was  endorsed  by  the  93RA.  This  assistance  is  in 
the  form  of  Recommendations,  Handbooks,  Reports 
and  direct  assistance. 

During  this  period  a  Draft  New  Recommendation  on 
“Design  Guidelines  for  an  Advanced  Spectrum 
Management  System”  was  approved  by  the  SG  for 
adoption  by  the  97  Radiocommunications  Assembly. 
This  Recommendation  should  help  companies  building 
these  systems  and  countries  buying  these  systems  to 
develop  or  obtain  the  most  cost-effective  system  in  a 
minimum  time. 

Members  of  Study  Group  1  in  cooperation  with  the 
BDT  continue  to  train  countries  on  the  use  of  the  Basic 
Automated  Spectrum  Management  System  (BASMS). 
The  BDT  has  also  developed  an  improved  multi¬ 
language  version  of  BASMS  in  Windows 
(WINBASMS)  with  the  assistance  of  members  of 
Study  Group  1.  The  first  training  on  the  use  of 
WINBASMS  was  in  Thailand  in  September  1997.  The 
next  training  session  is  scheduled  for  Senegal  in  April 
1998.  Future  training  sessions  will  be  in  the  Caribbean, 
Eastern  Europe  and  the  Far  East 

The  Study  Group  just  completed  a  report  on 
“Economic  Aspects  of  Spectrum  Management”  that  is 
primarily  for  developing  countries.  This  is  the  first 
report  on  economics  of  spectrum  management  and 
contains  a  summary  of  past  actions  as  well  as  new 
information  on  this  subject.  I  would  appreciate 
comments  about  this  report  and  other  information  that 
you  wish  to  be  developed  on  this  important  subject. 


The  Study  Group  has  conducted  studies  about  the 
requirements  of  developing  countries  in  Spectrum 
Management  in  the  past.  The  results  of  two  CCIR/BR 
studies  (1992  and  1993)  were  previously  reported  to 
Study  Group  1  in  Doc.  1/22  (January  1995).  Since  then 
survey  information  from  a  special  meeting  of  SGI  and 
BASMS  training  meetings  was  evaluated  and  reported 
to  the  Study  Group  in  July  1997.  This  Report  describes 
the  status  of  thirty-six  developing  countries  concerning 
the  “Functional  Requirements  of  Spectrum 
management”  and  is  contained  in  the  97  Radio 
Assembly  Document  1/1001  Annex  1. 

The  SG  previously  developed  an  action  plan  to  assist 
developing  countries  and  is  continuing  to  follow  up  on 
this  plaa  The  SG  is  presently  developing  a  new 
spectrum  management  booklet  and  a  brochure 
describing  spectrum  management  information 
available  from  the  BR. 

4  HANDBOOKS 

The  SG  previously  developed  handbooks  on 
“Monitoring”  and  “National  Spectrum  Management” 
that  have  been  well  used  by  administrations.  A 
handbook  on  “Computer  Aided  Techniques”  in 
Spectrum  Management  has  just  been  completed.  This 
handbook  will  describe  the  What  and  How  of 
computer  techniques  for  spectrum  management.  The 
following  sections  outline  the  report. 

Chapter  1 -Introduction 

Chapter  2-Spectrum  Management  Data 

Chapter  3 -Computer  Techniques 

Chapter  4-Electronic  Exchange  of  Information  for 
Spectrum  management 

Chapter  5-Examples  of  Automation  for  spectrum 
management 

Annex  1-Decission  1 19 

Annex  2-Spectrum  Management  Data  Tables 

Annex  3 -WINBASMS 

Annex  4-Examples  of  ASMS  Systems 

5  NEW  AND  REVISED  DOCUMENTS 

A  total  of  19  new  and  revised  Recommendations  were 
adopted  during  the  past  study  period  following  the 
provisions  of  Resolution  ITU-R1-1.  Seven  new  and 
revised  questions  and  two  Resolutions  were  approved. 
This  includes  critical  Questions  and  Resolutions  on  the 
task  groups  on  Appendix  28(S7)  and  unwanted 
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emissions.  The  following  briefly  describes  the  work  of 
all  SG  1  groups. 

5. 1  Task  Group  1/4  (Chairman:  Mr.  David  Baacon. 

UK) 

TG  1/4  met  in  Geneva  in  July,  1997  to  continue 
preparation  of  the  Radiocommunication  Data 
Dictionary  (RDD).  Document  1/51,  Preliminary  draft 
new  Recommendation  ITU-R  SM.  (AA1-4), 
Radiocommunication  Data  Dictionary  was  completed 
and  was  reviewed  by  all  study  groups  and  the 
Radiocommunications  Bureau.  The  Task  Group  met 
during  May  and  completed  the  review  of  the  data  fields 
and  produced  a  draft  RDD  to  be  reviewed  and  possibly 
approved  by  Study  Group  1  in  July  1998. 

5.2  Task  Group  1/5  (Chairman:  Mr.  Dhamarat,  UK) 

Meetings  of  TG  1/5  were  held  in  Geneva  in  July,  1997 
and  January  1998.  Twenty-seven  input  papers  and  one 
information  document  were  submitted  to  the  July 
meeting  about  spurious  emissions  and  out-of-band 
emissions.  Seventy-four  delegates  participated  in  the 
meeting  of  TG  1/5  and  five  drafting  groups  were 
formed.  Initial  work  on  the  limit  values  for  spurious 
emissions  for  space  services  and  out-of-band  emissions 
needs  to  be  completed  for  the  1999  WRC. 

5.3  Task  Group  1/6  (Chairman:  Mr.  Gerry  Chan, 

Canada) 

The  first  meeting  of  TG  1/6  was  held  in  Geneva  in 
1997.  This  meeting  concerned  the  planning  for  the 
development  of  a  Recommendation  concerning  the 
determination  of  the  coordination  area  around  earth 
stations  was  highly  successful.  A  draft  document  is  to 
be  completion  by  October  1998  that  should  be 
considered  at  WR.C-99. 


5.4  Working  Party  1A  (Chairman:  Mr.  Terry 
Jeacock,  UK) 

WP  1 A  met  in  Geneva  in  July  1997.  This  meeting 
addressed  engineering  principles  and  techniques, 
including  computer-aided  analysis  for  effective 
spectrum  management.  New  activities  for  WP  1  A, 
including  the  impact  of  digital  technology  on  spectrum 
management,  software  requirements,  investigations  of 
the  principles  and  benefits  that  make  certain  types  of 
equipment  suitable  for  organizing  on  a  global  scale, 
and  the  effects  on  other  equipment  of  the  introduction 
of  large  scale  hand-held  mobile  netw  orks  were 
discussed. 

Draft  revision  of  Recommendation  ITU-R  SM.  855, 
Multi-service  telecommunication  systems  (Question 
ITU-R  45-3/1)  was  modified  and  sent  to  publications. 
It  was  decided  that  in  the  future  it  would  be  useful  to 


define  multi-service  systems  and  to  present  examples 
of  such  systems. 

Draft  revision  of  Recommendation  853,  Necessary 
bandwidth,  was  adopted  with  editorial  changes  and 
approved  by  the  "second  method". 

Draft  new  Recommendation  ITU-R  SM.  (Document 
1/25),  Design  guidelines  for  developing  an  advanced 
automated  spectrum  management  systems  (ASMS) 
(Question  ITU-R  68/1),  was  adopted  with  editorial 
changes  and  was  approved  by  the  "second  method." 

Draft  revision  of  Recommendation  ITU-R  SM.  328-8, 
Spectra  and  bandwidth  of  emission,  was  adopted  and 
approved  by  the  1997  Radiocommunication  Assembly. 

5.5  Working  Party  IB  (Chairman:  Mr.  Alex  Pavliouk, 
Russia) 

WP  IB  met  in  Geneva  in  July  1997.  This  meeting 
concerned  principles  and  techniques  for  spectrum 
planning  and  sharing  and  economics  aspects  of 
spectrum  management.  Important  work  was  performed 
on  Document  1/53  concerning  economic  aspects  of 
spectrum  management  but  no  new  input  material  was 
submitted  in  other  areas  under  the  terms  of  reference  of 
WP  IB. 

Because  new  material  is  being  submitted  with  respect 
to  economic  aspects  of  spectrum  management, 
revisions  to  Document  1/53  will  likely  be  required  at 
the  next  meeting  of  SG  1 .  Attention  of 
telecommunications  regulatory  agencies  should  be 
brought  to  Document  1/53,  and  to  request  that  these 
agencies  provide  SG  1  with  any  information 
concerning  their  experiences  in  introducing  various 
economic  methods  of  spectrum  management. 

Document  1/2  (Revision  1),  Draft  revision  of 
Recommendation  ITU-R  SM.  337-3,  Frequency  and 
distance  separations  (Question  ITU-R  72/1),  was 
adopted  by  the  Study  Group  and  later  approved  by  the 
1997  Radiocommunication  Assembly. 

Draft  addition  to  Recommendation  ITU-R  SM.  1046 
(Document  1/4),  Definition  of  spectrum  use  and 
efficiency  of  a  radio  system  (Question  ITU-R  47/1), 
was  adopted  and  later  approved  by  the  1 997 
Radiocommunication  Assembly. 

Draft  addition  to  a  new  Recommendation  ITU-R 
(1B/AA,  Document  1/5),  Efficient  spectrum  utilization 
using  probabilistic  methods  (Question  ITU-R  45/1), 
was  adopted  and  later  approved  by  the  1997 
Radiocommunication  Assembly. 

5.6  Working  Party  1C  (Chairman:  Mr.  Kisrawi,  Syria) 
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WP  1C  met  in  Geneva  in  1997.  The  meeting 
concentrated  on  digital  broadcasting  signals  and 
monitoring  of  the  radio  coverage  of  land  mobile 
networks  to  verify  compliance  with  a  given  license. 
There  is  significant  future  work  to  be  done  in  WP  1C 
with  respect  to  digital  technologies.  Guidelines  for 
developing  a  basic  automated  monitoring  system 
should  be  developed. 

6  NEW  AND  REVISED  QUESTIONS 

A  Draft  riew  Question  on  the  Development  of 
method(s)  for  the  determination  of  the  coordination 
area  around  earth  stations,  was  adopted  by  the  SG  and 
later  approved  by  the  1997  Radiocommunication 
Assembly. 

A  Draft  new  Question  ITU-R  (AA/1  A),  Technical  and 
operating  parameters  and  spectrum  requirements  for 
short-range  devices,  was  adopted  by  the  SG  and  later 
approved  by  the  1997  Radiocommunication  Assembly. 

A  Draft  revision  of  Question  ITU-R  205/1,  Long  term 
strategies  for  spectrum  utilization,  was  adopted  by  the 
SG  and  later  approved  by  the  1 997 
Radiocommunication  Assembly. 

A  Draft  revision  of  Question  ITU-R  45-3/1, 

Techniques  and  technical  criteria  for  frequency 
sharing,  was  adopted  by  the  SG  and  later  approved  by 
the  1997  Radiocommunication  Assembly. 

A  Draft  revision  of  Question  ITU-R  71-1,  The  use  of 
spread  spectrum  techniques,  was  adopted  by  the  SG 
and  later  approved  by  the  1997  Radiocommunication 
Assembly. 

A  Draft  new  Question  ITU-R  (AB/1C),  Monitoring  of 
digital  broadcasting  signals,  was  adopted  by  the  SG 
and  later  approved  by  the  1997  Radiocommunication 
Assembly. 

A  Draft  new  Question  ITU-R  (AC/ 1C),  Monitoring  of 
the  radio  coverage  of  land  mobile  networks  to  verify 
compliance  with  a  given  license,  was  adopted  by  the 
SG  and  later  approved  by  the  1997 
Radiocommunication  Assembly. 

7  STATUS  OF  QUESTIONS,  OPINIONS, 
RESOLUTIONS  AND  DOCUMENTS 

Draft  Resolution  (Document  1/68),  Further  studies 
concerning  unwanted  emissions,  was  adopted  by  the 
SG  and  later  approved  by  the  1997 
Radiocommunication  Assembly. 

Draft  new  Decision  (Document  1/45),  Development  of 
method(s)  for  the  determination  of  the  coordination 
area  around  earth  stations,  was  approved  by  the  SG. 


Draft  revision  of  Resolution  ITU-R  11-1,  Development 
of  automated  spectrum  management  systems,  was 
adopted  by  the  SG  and  was  later  approved  by  the  97 
Radio  Assembly 


8  FUTURE  STUDY  GROUP  ACTIVITIES 

Future  activities  of  the  SG  were  discussed  and  a  plan 
of  possible  future  activities  was  developed.  The 
members  of  SG  1  are  encouraged  to  consider  these 
long-term  future  activities  and  their  relationship  with 
other  ITU  Study  Groups  and  develop  appropriate 
documents.  These  activities  include  the  following; 

-  Changes  in  spectrum  management  resulting  from  new 
technology  and  priorities  of  Administrations, 

•  Approaches  to  spectrum  management  that  allow  the 
user  greater  flexibility  to  manage  the  radio  spectrum, 

-Technical  and  legal  aspects  of  alternative  approaches 
to  spectrum  management, 

•  New  computer-based  tools  for  technical  and 
administrative  applications  in  spectrum  management, 

•  Impact  of  the  limitations  of  advanced  computer 
analysis  models,  propagation,  engineering  and 
databases, 

•  Impact  of  computer  networking  and  decentralizing 
spectrum  management  functions, 

•  Interference  criteria  between  digital  and  analogue 
systems, 

■  Techniques  for  monitoring  non-GSO  systems, 

•  Implications  for  sharing  and  other  aspects  of  multiple 
function  communication  systems  (c.g.  the  signal 
structure  and  sharing  criteria  for  digital  signals  is 
independent  of  the  information  being  carried), 

•  Measurement  of  quality  indicators  to  assess  the 
effectiveness  of  "spectrum  management 
organizations", 

•  New  "vertical  dimension"  sharing  techniques  for 
space  or  stratospheric-based  systems, 

•  Assignment  techniques  and  other  aspects  of  wireless 
local  loop  sy  stems, 

•  Further  application  of  Monte  Carlo  techniques  to 
spectrum  management, 

•  Role  and  tasks  of  monitoring  in  a  liberalized 
environment. 
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•  Identification  of  frequency  bands  where  it  would  be 
suitable  to  place  certain  types  of  equipment,  e  g.  short 
range  devices. 

•  Investigation  of  the  principles  and  benefits  that  make 
certain  types  of  equipment  suitable  for  organizing  on  a 
global  scale, 

•  Global  investigation  of  current  and  future  uses  of  the 
spectrum  taking  into  account  changes  in  the 
technological  and  regulatory  environment. 

9  CONCLUSIONS 

More  effective  use  of  the  radio  spectrum  is  required  to 
meet  the  ever  increasing  requirements  in  radio 
communications.  This  increase  in  effective  use  can 
only  come  from  applying  more  effective  techniques  in 
managing  the  spectrum.  Study  Group  1  has  in  the  past 
developed  techniques  and  procedures  that  lead  to  more 
effective  spectrum  use.  It  is  up  to  all  countries  to  use 
these  techniques  and  to  continue  to  improve  them.  The 
future  work  of  the  SG  requires  the  assistance  of  all 
countries  to  develop  these  new  techniques  and 
procedures.  Key  areas  of  future  development  include. 
Advanced  (automated)  Spectrum  Management 
Systems,  economical  methods  of  spectrum 
management,  new  monitoring  techniques,  and  new 
methods  of  spectrum  management  that  allow  the  user 
of  the  spectrum  greater  flexibility. 
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Increase  in  supply  of  the  radio  receivers  to 
the  market  in  Poland,  caused  the  situation  in 
which  there  is  at  least  one  radio  receiver  per 
haushold.  Licences  are  available  to  applicants 
who  want  to  establish  commercial  radio  stations 
working  in  both  FM  bands  i.e.  66  -  74  MHz  and 
87,5  -  108  MHz.  Emission  of  numerous  signals 
creates  increased  probability  of  interference,  and 
important  problem  to  be  solved  is  to  avoid 
combinations  of  frequencies  causing 
intermodulation  effects  i  receivers.  Therefore,  the 
proper  selection  of  dynamic  parameters  of  input 
circuits  and  stages,  in  other  words  their  quality,  is 
of  particular  importance,  reducing  the  number  of 
cases  of  intermodulation  and  easing  limitations  for 
frequency  planners.  Unfortunately,  only  a  limited 
number  of  types  of  receivers  meet  the  quality 
requirements.  A  series  of  receivers  available  on 
the  market  has  been  examined  [1,2]  recently  in 
the  Wroclaw  Branch  of  the  Institute  of  Telecom 
and  the  conducted  measurements  allowed  for 
establishing  the  dynamic  parameters  of  computer 
models  for  these  receivers.  These  models  were 
used  to  prepair  a  computer  program  analysing 
intermodulation  interference  in  FM  broadcasting 
reception  in  the  cities  i.e.  in  the  situation  when  the 
input  stages  of  the  receiver  are  attacked  by  many 


strong  signals.  The  program  includes  a  data  base 
containing  the  above  mentioned  models  of  radio 
receivers,  models  of  popular  transmitting  antennas 
and  maps  of  the  selected  cities. 

The  most  important  features  of  the  program  are: 

•  evaluation  of  receiver  performance  in  a  given 
geographical  location  in  the  presence  of 
numerous  radio  signals; 

•  analysis  of  possible  intermodulation  products 
in  a  chosen  receiver  model  located  in  a 
specified  area  (for  such  areas,  radio  signals  at 
the  receiving  point  are  determined,  based  on 
information  regarding  transmitter  location, 
frequency,  kind  of  antenna,  and  output 
power). 

•  simulation  analysis  of  the  situation  in  which 
one  can  check  the  intermodulation 
interference  originating  from  the  new, 
hipothetical  station  or  from  the  existing  station, 
but  with  changed  parameters; 

•  simulation  of  the  situation  in  which  one  type  of 
receiver  is  replacesed  by  another  one  or  some 
parameters  in  a  given  type  are  changed  (e.g. 
the  attenuation  in  antenna  input). 


The  figures  1  to  5  ilustrate  the  results  of  analyses 
for  some  cases  ( |  -  signal,  :  -  intermodulation  ) 
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Fig.  1  -  Intermodulation  interference,  originating  in  a  popular,  low  quality  receiver. 
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Fig.  2  -  Intermodulation  interference  originating  in  a  high  quality  receiver.  Situation  as  in  Fig.  1 
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Fig.  3  -  The  same  receiver  and  situation  as  in  Fig  1,  but  with  addition  of  10  dB  attenuation  in  receiver 
antenna  input. 


Fig.  4  -  Real  life  example,  in  which  three  high  power  stations  are  working  with  frequency  separation  of  600 
kHz  from  each  other. 
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Fig.  5  -  The  example  the  Fig.  4  but  the  frequency 
others  has  been  changed  by  200  kHz. 

One  may  conclude  from  the  above  that  in  the 
situation  of  many  FM  stations  placed  especially  in 
big  cities,  it  is  important  to  consider  the 
intermodulation  phenomena  during  the  detailed 
frequency  planning  for  these  cities. 

The  receiver  and  antenna  data  bases  should  be 
continuously  updated  and  propagation  model 
refind,  to  maintain  the  usefulness  of  the  program. 


station  which  has  the  frequency  in  between  of  two 
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More  and  more  attention  of 
telecommunication  administrations  of  many 
countries,  developed  and  developing  ones,  is 
recently  paid  to  economic  aspects  of  radio 
spectrum  management. 

Following  this  interest,  International 
Telecommunication  Union  (ITU)  through  its 
Radiocommunications  Sector  (ITU-R)  and 
European  Conference  of  Postal  and 
Telecommunications  Administrations  (CEPT) 
through  its  European  Radiocommunication 
Committee  (ERC)  have  began  in-depth  studies 
in  this  field.  Latest  results  of  these  studies  are 
shortly  discussed. 


1.  INTRODUCTION 

The  increasing  use  of  new  radio 
technologies  through  new  spectrum 
applications  has  produced  tremendous 
opportunities  for  countries  to  improve  the 
telecommunications  infrastructure  and  through 
it  -  the  country's  economy  as  a  whole.  These 
developments,  though  often  making  spectrum 
use  more  efficient,  have  spurred  greater 
interest  and  demand  for  the  limited  spectrum 
resource.  Thus,  the  efficient  and  effective 
management  of  the  spectrum,  while  crucial  to 
making  the  most  of  the  opportunities  that  the 
spectrum  resource  represents,  grows  more 
complex.  Improved  data  handling  capabilities, 
engineering  analysis  methods  and  expanding 
radio  monitoring  activities  previously  have 
generally  met  requirements  for  accommodating 
the  number  and  variety  of  users  seeking 


access  to  the  spectrum  resource  at  exclusive 
or  shared  basis. 

However,  under  circumstances  of 
continuously  increasing  of  the  frequency  band 
congestion  in  many  developed  countries, 
further  introduction  of  new  spectrum 
applications,  keeping  sufficient  spectrum  use 
efficiency,  by  only  convenient  administrative 
and  technical  measures  become  more  and 
more  difficult.  Moreover,  large  attention, 
which  until  recently  was  given  to  questions  of 
introduction  of  the  specialized  frequency 
assignments  databases,  and  also  significant 
improvements  in  automation  of  radio 
monitoring  and  frequency  assignment 
procedures  with  use  of  the  improved  radio 
propagation  models  based  on  digital 
topographical  map  utilisation,  have  resulted  in 
creation,  in  many  developed  countries, 
advanced  automated  systems  of  spectrum 
management  working  in  aggregate  with  wide 
automated  radio  monitoring  networks  [1],  [2], 
Thus,  in  a  number  of  developed  countries  the 
technical  means  of  the  further  improvement  of 
their  spectrum  management  systems,  at  the 
given  stage  of  engineering  development,  have 
appeared  basically  exhausted. 

As  a  result,  telecommunication 
administrations  have  begun  to  display  the 
increasing  interest  to  alternative  methods  of 
increase  of  spectrum  use  efficiency  and  first 
of  all  -  to  economic  methods.  Therefore  at  the 
given  stage  of  development,  modern  radio 
spectrum  management  is  associated  with 
economic  measures,  rather  than  with  technical 
ones  [3], 
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The  developing  countries,  at  which  the 
frequency  band  congestion  though  while  does 
not  cost  is  so  sharp,  recently  also  have  begun 
to  display  the  increased  interest  to  economic 
aspects  of  spectrum  management  in  hope  to 
find  sources  of  financing  of  their  programs  of 
development  of  modern  spectrum  management 
systems. 

In  spite  of  the  fact  that  in  many  developing 
countries  license  fees  regime  has  already  been 
implemented,  their  tariff  systems  in  many  cases 
are  somewhat  haphazard  and  in  some  way 
technically  and  economically  non-  reasonable. 
In  some  countries  the  tariffs  extremely  low  and 
can  not  cover  even  administrative  costs,  not 
speaking  about  an  opportunity  of  accumulation 
of  resources  for  appropriate  technical  support 
of  national  spectrum  management  system 
including  radio  monitoring  network.  In  other 
countries,  on  the  contrary,  the  rates,  at  least  for 
radio  transmitters  of  some  services,  are  rather 
great,  and  that  in  the  certain  degree  constrains 
development  of  a  radio  communication  and,  at 
the  end,  development  of  a  national  economy. 
Besides,  in  a  number  of  the  countries  all 
income  from  licence  fees,  which  basically 
would  be  sufficient  for  phased  creation  of  a 
national  spectrum  management  system,  wholly 
goes  to  the  national  budget  of  the  country  and 
are  used  for  other  purposes,  which  are 
considered  to  have  more  priority.  It,  in 
particular,  occurs  also  due  to  insufficient 
knowledge  of  government  circles  on  importance 
of  radio  communications  and  their  appropriate 
administrative  regulation,  supported  technically, 
for  development  of  country  economy. 

A  number  of  countries  which  nowadays  are 
carrying  out  transition  from  rigid  planned  to 
market-oriented  economy,  meets  specific 
difficulties  in  introduction  of  license  fees 
regime.  They  will  be  mentioned  below. 

Thus,  there  is  a  large  interest  of  various 
countries,  both  developed,  and  developing,  to 
economic  aspects  of  spectrum  management, 
that  could  result  in  a  wish  to  have  some 
international  recommendations  or  guidance  in 
the  given  area. 

2.  MAIN  RESULTS  OF  ITU-R  ACTIVITIES 

Following  requirements  of  many 
administrations  to  have  an  international 
recommendations  on  the  given  problem,  the 
Radiocommunication  Sector  of  the  International 


Telecommunication  Union  (ITU-R)  at  its 
Radiocommunication  Assembly  1995  (RA-95) 
through  Study  Group  1  (SG  1)  "Spectrum 
management"  has  launched  a  study  program 
in  this  new  for  the  ITU-R  field  of  activity.  It 
consists  of  three  interrelated  Questions: 

-Question  206/1  Strategies  for  economic 
approaches  to  national  spectrum  management 
and  their  financing, 

-Question  207/1  Assessment,  for  spectrum 
planning  and  strategic  development  purposes, 
of  the  benefits  arising  from  the  use  of  radio 
spectrum, 

-Question  208/1  Alternative  methods  of 
national  spectrum  management. 

SG  1  has  charged  these  researches  to 
Working  Party  IB  (Principles  and  techniques 
for  spectrum  planning  and  sharing),  which,  in 
turn,  has  created  special  Reporter’s  Group  on 
the  given  subjects.  During  1996  -  1997  the 
Group  has  carried  out  extremely  large  work  on 
generalisation  of  available  materials,  including 
results  of  the  works  which  have  been  carried 
out  within  the  framework  of  activity  of  the  ITU 
Telecommunication  Development  Sector  (ITU- 
D),  (particularly  [4]  should  be  mentioned)  and 
also  experience  of  various  countries.  In 
result,  the  Group  has  managed  to  prepare  a 
draft  of  a  rather  extensive  Report  (ITU-R 
[1/53])  "Economic  Aspects  of  Spectrum 
Management",  which  was  discussed  and 
consistently  adopted  and  approved  by  WP  IB 
and  GS  1  meetings,  which  were  held  in 
Geneva  at  the  end  of  July  1997.  In  a  final 
form,  issued  in  English,  French  and  Spanish 
languages,  the  Report  under  number  SM.2012 
[5]  was  officially  published  by  the  ITU  to  the 
opening  of  RA-97,  Geneva,  October,  1997. 

The  Report  being  the  first  consolidated 
international  material  on  the  given  urgent 
subjects,  in  more  or  less  details  answers  all 
three  Questions  put  forward  by  RA-95. 


In  this  short  paper  it  is  not  possible  at  all 
to  make  a  summary  of  the  Report  in  all  variety 
of  its  issues.  Let  us  only  mention  that  the 
Report  contains  four  chapters  which  cover  the 
following  main  issues. 

Chapter  1,  Introduction  to  economic 
considerations,  is  an  introductory  one  and 
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covers  the  main  subjects  of  spectrum 
management  at  national  and  international 
levels  and  specify  needs  for  introduction  of 
economic  means  of  spectrum  management. 
Various  legal,  socio-economic,  and  technical 
infrastructure  considerations  in  the  application 
to  spectrum  management  are  shortly 
discussed. 

Chapter  2,  Strategies  for  economic 
approaches  to  national  spectrum  management 
and  their  financing,  describes  different 
economic  aspects  with  their  application  to 
spectrum  management  and  its  financing: 
traditional  national  budget  financing,  spectrum 
use  fees,  spectrum  usage  comparative 
hearings,  lotteries  and  auctions.  Advantages 
and  disadvantages  of  these  approaches  are 
discussed  and  some  general  suggestions  on 
their  implementation  in  different  situations  are 
presented.  Transferable  and  flexible  spectrum 
rights  are  also  discussed.  Experience  of 
different  administrations  (of  developed 
countries)  with  auctions,  transferable  spectrum 
rights  and  license  fees  is  shortly  discussed. 

Chapter  3,  Assessment  of  the  benefits  of 
using  the  radio  spectrum,  cover  variety  of 
issues  connected  with  assessment  of 
importance  of  radiocommunication  for  the 
economic  development  of  different  countries 
and  assessment  of  direct  benefits  of  using 
radio  spectrum.  If  modern  economic 
approaches,  covered  in  previous  Chapter  of  the 
Report,  with  more  or  less  detail  can  be  found  in 
many  other  papers  (bibliography  to  [4]  contains 
50  entries),  material  of  Chapter  4  in  such 
generalised  form  applicable  to  modern 
radiocommunication  development,  can  be 
considered  as  an  unique  and  very  important 
one. 

Chapter  4,  Alternative  support  for  national 
spectrum  management,  discusses  possibilities 
to  use  alternatives  to  the  traditional  centralised, 
government  operated  and  funded  national 
spectrum  management  systems.  Though 
national  spectrum  management  remains  a 
primarily  governmental  effort,  alternative 
approaches  using  resources  outside  the 
national  spectrum  manager  to  perform  or  fund 
certain  spectrum  management  functions  can 
enhance  the  efficiency  and  effectiveness  of  the 
national  effort.  A  number  of  administrations 
have  made  use  of  spectrum  management 
resources  outside  the  national  spectrum 
manager  including:  communication  groups  with 


a  direct  interest  in  spectrum  such  as  advisory 
committees,  trade  associations,  professional 
organizations,  and  quasi-governmental 
associations;  frequency  coordinators  (and 
coordination  groups)  and  designated  spectrum 
managers;  and  spectrum  management 
consultants,  and  support  contractors. 
Application  of  this  approach  in  developing 
countries  is  shortly  discussed  too. 

As  it  was  mentioned  above  a  number  of 
countries  which  nowadays  are  carrying  out 
transition  from  rigid  planned  to  market- 
oriented  economy,  meets  specific  difficulties 
in  introduction  of  license  fees  regime.  In 
particular,  they  are  caused  by  the  fact  that  in 
a  system  of  a  rigid  planned  economy,  when 
the  state  was  the  unique  exclusive  operator 
and,  simultaneously,  all-round  regulatory 
body,  frequency  assignments  to  radio  stations 
and  frequency  bands  to  radio  systems  were 
provided  to  the  users  practically  free-of- 
charge.  It  was  quite  logical  and  well-grounded 
economically  in  the  given  social-economic 
system.  On  this  basis,  there  was  (and  still, 
on  inertia,  there  is)  an  opinion,  that  frequency 
resource,  provided  to  a  society,  "in  former 
good  times  was  free-of-charge";  and  recent 
measures,  have  been  undertaken  within  the 
framework  of  new  social-economic  conditions 
on  formal  introduction  of  spectrum  pricing,  are 
identified  as  an  introduction  of  a  new  indirect 
tax  on  the  whole  population  of  a  country.  In 
result  some  opposition  to  these  measures  is 
observed  and  in  a  number  of  cases  it  creates 
one  of  main  obstacles  on  a  way  of  reforms  in 
the  given  sphere. 

It  is  obvious  that  all  reasoning  that  the 
spectrum  use  was  previously  free-of-charge 
have  no  real  justifications.  The  state  (society) 
spent  and  continues  to  spend  huge  resources 
for  activities  on  providing  radio  channels  to  be 
free  from  non-acceptable  interference  as  the 
major  condition  of  the  availability  of  radio 
communications. 

Therefore  the  transferring  of  burden  of  this 
payment  on  shoulders  of  the  real  spectrum 
users  means  not  the  introduction  of  new 
taxation  but  more  appropriate  method  of 
distributing  the  costs  of  spectrum 
management  to  those  who  actually  use  the 
spectrum  and  receive  benefits.  On  basis  of 
Russian  contribution  [6]  to  Reporter’s  Group 
work  this  important  provision  was  included  in 
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section  2.2  "Underlying  approaches  with 
respect  to  financing  national  spectrum 
management"  of  the  Report  SM.2012  [5], 


3.  MAIN  RESULTS  OF  ERC  ACTIVITIES 

Studies  of  economic  aspects  of  radio 
spectrum  management  with  application  to 
CEPT  cduntries  have  been  started  by  Radio 
Regulation  Working  Group  (WG  RR)  of  ERC  in 
1992  when  special  Project  Team  RR8 
"Harmonisation  of  fees  and  charges"  was 
created.  As  it  is  clearly  seen  from  the  name  of 
the  Team  its  final  goal  is  to  study  and  propose 
measures  which  would  lead  to  harmonisation  of 
spectrum  use  fees  and  charges  throughout 
CEPT  countries. 

It  happened,  that  RR8  has  completed  its 
"Report  on  introduction  of  economic  criteria  in 
spectrum  management  and  the  principles  of 
fees  and  charging  in  the  CEPT"  [7]  almost 
simultaneously  with  above  mentioned  ITU-R 
Report  [5]  and  almost  in  the  same  volume. 
However,  the  content  of  RR8  Report  [7]  is 
somewhat  different,  more  oriented  to  in-depth 
study  of  spectrum  pricing  issues  and  related 
matters  including  administrative  ones  (such  as 
managing  transition  period,  spectrum  refarming 
etc.),  so  those  both  Reports  are  very  well 
supplementing  each  other.  In  January  1998 
Report  [7]  was  presented  for  approval  by  WG 
RR  and  then  by  ERC. 

A  short  overview  of  Report  [7],  based  on 
material  of  its  Chapter  2,  can  be  presented  in 
the  following  way. 

Chapter  1,  Introduction,  presents 
background  and  a  short  history  of  the  work, 
refers  on  CEPT  policy,  reports  and 
recommendations  on  the  subject  and  makes 
reference  to  ITU-R  Report  [5], 

Chapter  3,  The  principles  of  financing 
spectrum  management,  describes  the  various 
methods  that  have  traditionally  been  used  for 
funding  spectrum  management.  These 
methods  range  from  state  funding  to  cost 
recovery  and  gives  a  breakdown  of  the 
distribution  of  fees  across  radio  users.  The 
chapter  also  presents  alternative  methods,  to 
charging  fees,  that  are  used  by  some 
administrations  for  providing  spectrum 
management  services  and  manpower 
resources. 


Chapter  4,  Licensing  mechanisms,  covers 
the  licensing  mechanisms  that  have  been 
used  with  the  funding  methods.  This  includes 
the  main  licensing  mechanisms  like  “first 
come  first  served”  to  the  newer  mechanisms 
like  “lotteries”. 

Chapter  5,  Spectrum  pricing,  discusses 
some  difficulties  facing  a  number  of 
administrations  from  rising  spectrum 
congestion  and  the  increased  competition  for 
scarce  spectrum  has  led  to  the  introduction  of 
spectrum  pricing.  Spectrum  pricing  is  the 
term  given  to  funding  and  licensing 
mechanisms  that  bring  economic  factors  into 
spectrum  management.  This  includes  on  one 
hand  the  possibility  to  use  fees  for  influencing 
the  behaviour  of  users  (administrative  pricing) 
and  on  the  other  hand  the  introduction  of  new 
frequency  allocation  procedures,  like  auctions. 

Chapter  6,  Spectrum  rights,  explains  that 
the  introduction  of  spectrum  pricing  has  raised 
a  number  of  issues  on  the  rights  a  licence 
confers  on  a  licensee,  the  level  of  control 
retained  by  the  administration  and  the 
licensee's  spectral  obligations  to  other  radio 
users. 

Chapter  7,  Spectrum  pricing  -  further 
considerations,  shows  that  the  introduction  of 
spectrum  pricing  allows  some  of  the  spectrum 
management  problems  caused  by  limitations 
in  administrations  funding  to  be  resolved, 
allowing  them  to  develop  their  spectrum 
management  facilities.  This  chapter  examines 
some  of  the  uses  to  which  additional  funding 
could  be  put  and  some  of  the  associated 
spectrum  management  problems  that 
spectrum  pricing  may  help  to  resolve. 

Chapter  8,  Managing  the  transition,  states 
that  all  major  changes  to  spectrum 
management  need  to  be  planned  and 
implemented  carefully.  Spectrum  pricing  is  no 
exception  and  this  chapter  highlights  some  of 
the  key  areas  administrations  need  to  take 
into  consideration  when  changing  their  funding 
or  licensing  methods,  particularly  if  this  leads 
to  changes  in  the  way  radio  administrations 
are  financed. 


Chapter  9,  International  perspective, 
shows  that  spectrum  pricing  and  some  of  the 
problems  it  has  been  introduced  to  resolve  are 
being  studied  in  a  variety  of  international  fora. 
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This  chapter  presents  reports  from  some  of 
these  debates  and  the  work  in  progress. 

Chapter  10,  Conclusions  and  proposals  for 
further  work,  presents  conclusions  on  spectrum 
pricing  and  recommendations  for  further  work, 
including  identifying  where  further  work  on 
harmonisation  within  CEPT  countries  may  be 
possible  and  how  this  may  be  taken  forward. 

The  Report  contains  8  Annexes: 

-  Recommendations  ERC  PT8  Report; 

-  Recommendations  DSI  I  and  If  (Detailed 

Spectrum  Investigation,  Phase  1  [8]  and  2 

[9]);  ; 

-  Spectrum  management  functions; 

-  Examples  of  charging  systems  in  certain 
administrations; 

-  Administrative  pricing  applied  to  different 
services; 

-  Developments  with  regard  to  spectrum  pricing 
in  individual  administrations; 

-  A  glossary  of  spectrum  pricing; 

-  Spectrum  refarming  issues. 


4.  CONCLUSIONS 

The  International  telecommunication 
community  has  started  in-depth  study  of 
economic  aspects  of  spectrum  management 
aiming  to  assist  administrations  of  different 
countries,  developed  and  developing  ones,  to 
further  increase  efficiency  of  spectrum  use  in 
developed  countries  and  to  identify  sources 
and  procedures  of  financing  of  programs  of 
modern  spectrum  management  system  creation 
in  developing  countries. 

Nevertheless,  in  view  of  extremely  fast 
progress  in  the  given  new  sphere  of  ITU-R 
activity  and  due  to  rather  compressed  terms  of 
preparation,  there  is  a  real  opportunity  to 
further  expand  available  international  Reports 
[5]  and  [7]  on  the  matter  and  to  fill  them  up  by 
newest  results.  Particularly,  sections  of  Report 
[5]  concerning  experiences  of  different 
countries,  including  developing  ones,  can  be 
considerably  extended.  Therefore  ITU-R  SG  1 
intends  to  continue  work  on  the  given  subjects 
during  the  next  Study  Period  1998  -  1999. 
Proposals  for  future  work  are  identified  in 
Report  [7]  too. 
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Abstract:  This  paper  addresses  some  key  issues  con¬ 
cerning  the  efficient  use  of  the  spectrum  for  the  Third 
Generation  system.  It  covers  some  results  of  the  ongoing 
work  in  European  fora-  in  particular  UMTS  Forum  Spec¬ 
trum  Aspect  Group  -  to  determine  how  to  make  the  best 
use  of  the  UMTS/IMT-2000  spectrum  allocated  by 
WARC-92  and  how  to  estimate  the  additional  spectrum 
needed  which  could  be  allocated  by  the  next  World 
Radiocommunication  Conference  (WRC-99).  The  Exten¬ 
sion  Bands  should  be  identified  to  meet  the  predicted 
increase  in  traffic  demand  by  2010. 

The  Third  Generation  mobile  system  will  deliver  an 
extensive  range  of  high-performance  wi de-band  wireless 
and  personalised  multimedia  sendees  with  a  better  spec¬ 
tral  efficiency  than  the  Second  Generation  mobile  sys¬ 
tems.  UTRA  -  UMTS  Terrestrial  Radio  Access  -  the  new 
European  radio  interface  confirms  the  possibility  of  bet¬ 
ter  use  of  the  spectrum  resources  and  guarantee  the  qual¬ 
ity  of  services  provided. 

The  increase  of  the  spectrum  efficiency  could  be  found 
in  the  improvements  of  the  radio  transceiver  technology, 
the  applications  and  sendees  technology,  the  traffic 
management  and  the  radio  channel  access  management. 
Some  other  factors  such  as :  wider  channels,  Adaptive 
Antenna  Arrays,  Hierarchical  Cell  Structure.  Multi-User 
Detection,  fast  Power  Control  are  crucial  too. 

Although  the  technical  improvements  are  essential,  if 
the  spectrum  is  to  be  used  efficiently,  it  is  also  critical  to 
ensure  the  best  frequency  allocation  (high  flexibility:  for 
operators)  and  the  frequency  management  at  both 
international  and  national  level. 


images  and  video  regardless  of  physical  location  of  the 
user.  The  adaptive  multi-inode/multi-band  terminals  will 
ensure  world-wide  roaming.  The  market  predictions  by 
(he  UMTS  Forum  indicate  about  32  million  European 
mobile  multimedia  users  among  200  million  mobile  users 
by  2005.(1] 

In  order  to  meet  this  demand  it  is  essential  to  dispose  of 
the  sufficient  spectrum  allocation.  The  WARC-92  has 
allocated  230  MHz  -  for  IMT-2000  -  in  the  following 
frequency  bands  : 

♦  1885  -  1980  MHz,  2010  -  2025  MHz,  2110  -  2170 
MHz  for  terrestrial  applications , 

♦  1980  -20 10  MHz,  2 170  -  2200  MHz 
for  satellite  component. 

This  initial  allocation  will  only  accommodate  predicted 
traffic  levels  for  the  start  up  in  the  year  2002-2005. 


The  first  estimates  of  the  additional  amount  of  the 
spectrum  needed  were  done  by  UMTS  Forum  Spectrum 
Aspect  Group,  by  Task  Group  1  of  European  Radio¬ 
communication  Committee  of  the  CEPT  and  by  Task 
Group  8/1  of  ITU-R  (Table  1).  We  agree  with  these 
results  and  support  the  idea  that  the  WRC-99  should 
allocate  Extension  Bands  of  about  380  MHz  for  the 
terrestrial  component. 
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1.  INTRODUCTION 

The  European  approach  concerning  the  Third  Genera¬ 
tion  Mobile  System  consists  of  widespread  availability  of 
wireless  networks  capable  of  supporting  a  wide  range  of 
traffic  types  mixing  many  services  with  different 
requirements  in  the  system.  UMTS/IMT-2000  will  enable 
consumers  to  access  multimedia  communication  devices, 
capable  of  sending  and  receiving  voice,  data,  graphics. 


Table  1  -  First  estimates  of  the  total  spectrum  needed  for 
terrestrial  component 

The  existing  spectrum  designated  for  the  second  gen¬ 
eration  mobile  services  may  be  refarmed  and  integrated 
into  the  allocations  for  UMTS/IMT-2000  if  both,  the 
national  regulator  and  the  licensed  operator  agree.  The 
second  generation  licensed  operators  should  be  able  to 
organise  their  transition  to  the  Third  Generation  net¬ 
works  according  to  their  own  time-table. 
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2.  THIRD  GENERATION’S  SPECTRUM  EFFICIENCY 

One  of  the  goals  of  UMTS  system  will  be  to  meet  a 
balance  between  the  users  demand  for  world-wide  mobile 
applications  and  the  scarcity  of  spectrum  resources.  The 
spectrum  should  be  used  more  efficiently  than  in  current 
systems  because  of  the  importance  of  the  traffic  to  be 
handled  with. 

ETSI  SMG2  defines  spectrum  efficiency  [2]  as  the  sys¬ 
tem  load  where  any  of  the  services  has  exactly  x;  %  sat¬ 
isfied  users,  whereas  the  rest  of  the  sendees  have  at  least 
x2  %  satisfied  users  each.  This  is  shown  in  Figure  1 
below. 

%  Satisfied  users 


Packet 


Figure  1  -  Example  of  spectrum  efficiency  for  a  mixed 
service  scenario. 

The  spectrum  efficiency  should  be  given  for  up-link  and 
down-link  respectively  and  for  terrestrial  and  satellite 
environments.  For  terrestrial  environment  two  entries  are 
considered  : 

•  Traffic  capacity  (Erlang/MHz/cell)  for  FDD  and  TDD 
mode. 

•  Information  capacity  (Mbps/MHz/cell)  for  FDD  and 
TDD  mode. 

Traffic  capacity  is  the  total  traffic  that  can  be  supported 
by  a  single  cell  which  is  part  of  an  infinite  set  of  cells  in  a 
uniform  two  or  three  dimensional  pattern. 

Information  capacity  is  the  total  number  of  user-chan¬ 
nel  information  bits  that  can  be  supported  by  a  single  cell 
which  is  part  of  an  infinite  set  of  cells  in  a  uniform  two  or 
three  dimensional  pattern.  Information  capacity  is  the 
instantaneous  aggregate  user  bit  rate  of  all  active  users 
over  all  channels  within  the  system  on  a  per  cell  basis. 

Both  traffic  capacity  and  information  capacity  must  be 
specified  at  a  stated  spectrum  allocation,  quality  and 
grade  of  service,  assuming  an  appropriate  propagation 
model.  This  metrics  are  valuable  for  comparing  systems 
with  identical  user  channel  requirements. 

To  set  up  UMTS’s  spectrum  efficiency  data,  both  FDD 
and  TDD  mode  are  to  be  considered.  Wide-band  Code 
Division  Multiple  Access  (W-CDMA)  has  been  selected 
by  ETSI  for  Frequency  Division  Duplex  (FDD)  and  Time 
Division-Code  Division  Multiple  Access  (TD-CDMA)  for 
Time  Division  Duplex  (TDD). 

As  example  we  take  in  table  2  some  results  obtained  by 
Concept  Group  Alpha  [3],  [4]  simulations  concerning  the 


W-CDMA  FDD  mode  cell  capacity  and  spectrum  effi¬ 
ciency. 
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UL  =  up-link,  DL  =  down-link 

LCD  =  Long  Constrained  Delay  Data  Services 

UDD  =  Unconstrained  Delay  Data  Services 

•  I  )L  antenna  diversity 

Table  2  -  Some  of  W-CDM A/FDD  simulation  results 

This  results  show  that  the  performance  for  speech  is 
between  78-163  kbps/MHz/cell.  The  result  depends  on 
the  radio  propagation  case  and  vehicle  speed.  These  fig¬ 
ures  are  higher  than  for  GSM. 

For  a  384  kbps  sendee  for  vehicular  120  km/h  the 
simulated  performance  is  between  85-250  kbps/MHz/cell 
depending  on  whether  antenna  diversity  is  used  or  not  in 
the  down-link. 

For  a  packet  service  in  pedestrian  environment  and 
with  traffic  characteristics  of  384  kbps  the  performance  is 
470-565  kbps/MHz/cell. 

For  indoor  packet  services  with  2048  kbps  the  perform¬ 
ance  is  between  230-500  kbps/MHz/cell  depending  on 
whether  or  not  down-link  antenna  diversity  is  used. 

3.  EFFICIENT  SPECTRUM  USE  AS  A  RESULT 
OF  TECHNOLOGICAL  IMPROVEMENTS 

Diverse  technological  improvements  regarding  effi¬ 
cient  spectrum  use  will  be  implemented  in  UMTS  net¬ 
work.  High  spectrum  efficiency  for  typical  mixture  of 
sendees  could  be  obtain.  We  will  highlight  some  essential 
spectrally  efficient  factors  such  as  : 

•  wider  bandwidth  (5  MHz) 

•  joint  multi-user  detection 

•  modulation  technology,  channel  coding  and  inter¬ 
leaving 

•  adaptive  antennas 

•  MAC  and  LLC  protocols 
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UMTS  will  use  wider  channels  as  Second  Generation 
Systems.  Increasing  the  bandwidth  translates  into 
enhanced  performance  due  to  improved  interference  aver¬ 
aging.  A  wider  bandwidth  improves  also  frequency'  diver¬ 
sity  effects  and  therefore  reduces  the  fading  problems. 
The  fading  resistance  in  most  environments  will  give  the 
additional  gain  in  spectrum  efficiency.  Due  to  less  fading 
effects  in  a  wider  channel,  the  power  control  accuracy- 
will  be  improved  too. 

The  other  new  feature  which  increases  the  spectrum 
efficiency  of  a  cellular  network  is  a  joint  multi-user 
detection.  Its  application  will  eliminate  the  interference 
within  a  cell  and  improve  the  capacity  detecting  more 
than  one  transmission  in  the  radio  system.  Joint  detection 
is  used  to  remove  either  intracell  or  intercell  co-channel 
interference  or  both. 

The  use  of  higher  efficiency  channel  codes,  more  adap¬ 
ted  to  the  particular  propagation,  of  deeper  interleaver, 
and  of  higher  modulation  levels  will  increase  the  system 
efficiency.  This  increase  is  balanced  by  an  increase  in 
complexity,  a  longer  delay  for  some  services  and  a  reduc¬ 
tion  of  the  cell  size. 

The  deployment  of  adaptive  antennas  in  the  MS  as 
well  as  BS  will  give  also  the  possibility  to  use  the  spec¬ 
trum  more  effectively.  Adaptive  Antenna  Arrays  (AAA) 
will  optimise  the  antenna  pattern  for  each  individual 
mobile.  AAA  is  a  technique  in  which  an  antenna  beam  is 
directed  to  each  user.  It  could  be  very'  effective  in  the 
particular  areas  where  limited  radio  spectrum  is  available 
for  wideband  deployment. 

For  UMTS  network  efficiency  the  improvements  con¬ 
cerning  main  sub-layers  -  logical  link  control  (LLC)  and 
medium  access  control  (MAC)  -  on  layer  2  are  crucial. 
The  MAC  and  LLC  protocols  should  be  designed  to  be 
as  efficient  as  possible. 

MAC  will  provide  very  flexible  means  to  combine  dif¬ 
ferent  variable-rate  real-time  and  non-real-time  sendees 
with  different  Quality  of  Service  (QoS)  requirements  to 
the  same  physical  channel.  LLC  sets  up  a  logical  link 
over  the  radio  interface  and  minimises  the  amount  of  data 
that  has  to  be  transmitted  for  the  given  channel  bit  error 
characteristics.  The  MAC  and  LLC  should  allocate 
resources  to  user  services  and  to  control  channels  so  as  to 
minimise  the  total  power  transmitted  whilst  simulta¬ 
neously  maintaining  spectral  efficiency. 

4.  EFFICIENT  SPECTRUM  USE  AS  A  RESULT 
OF  ADEQUATE  ALLOCATION 

In  spite  of  the  technological  progress  there  are  a  lot  of 
factors  limiting  the  maximum  achievable  spectrum  effi¬ 
ciency  of  UMTS/IMT-2000.  Veiy  important  aspects  of 
efficient  radio  resources  use  are  its  allocation,  planning 
and  management.  From  the  technical  point  of  view  the 
UMTS  operators  will  be  able  to  exploit  very  efficiently 
their  part  of  the  spectrum.  The  full  technical  potential  of 


the  Third  Generation  networks  could  be  deployed  only  if 
the  frequency  allocation  is  adequate  and  corresponds  to 
the  operator’s  needs  i.e.  traffic  asymmetry,  service  flexi¬ 
bility. 

The  expected  efficiency  and  capacity  requirements 
should  be  considered  from  the  initial  planning  stage.  One 
way  which  might  be  proposed  to  achieve  improved  spec¬ 
trum  use  is  to  adopt  the  most  efficient  spectrum  allo¬ 
cation  scenario.  A  flexible  asymmetrical  band  allocation 
adapted  to  the  UMTS  operators  needs  is  required. 

For  UMTS  deployment  in  2002-2005  Europe  will  dis¬ 
pose  of  155  MHz  for  terrestrial  component  (T)  from  the 
initial  WARC-92  allocation  (Figure  1) 
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Figure  2  -  UMTS  frequency  allocation  (WARC-92) 


The  UMTS  Forum  traffic  forecast  confirms  that  there 
will  be  a  larger  demand  for  capacity  on  the  down-link 
than  on  the  up-link.  On  this  basis  we  propose  three  spec¬ 
trum  allocation  scenarios  assuming  three  operators  are 
granted  a  40  MHz  UMTS  licence  to  use  up  to  35  MHz  in 
the  down-link  and  5  MHz  in  the  up-link.  A  total  band¬ 
width  of  155  MHz  will  be  allocated  to  the  three  opera¬ 
tors  :  120  MHz  in  the  first  step,  30  MHz  will  be  split 
between  three  operators  as  extension  band  of  10  MHz 
each  one  and  the  remaining  5  MHz  could  be  used  for  the 
unlicensed  applications. 

Both  TDD  and  FDD  modes  will  be  used  for  UMTS.  It 
is  expected  that  the  terminals  will  be  TDD/FDD  dual¬ 
mode.  Three  possible  allocation  scenarios  presented  in 
Figures  4,  5,  6,  below  propose  some  solutions  mixing  the 
TDD  and  FDD  modes  in  order  to  plan  the  spectrum  the 
most  efficiently. 

This  paper  shows  a  possible  frequency  allocation  for 
three  operators  with  separate  frequency  assignment  in 
both  :  paired  (2110  -  2170  MHz,  1920  -  1980  MHz)  and 
unpaired  (1900  -  1920  MHz; 2010  -  2025  MHz)  spectrum. 
In  all  scenarios  the  upper  band  of  60  MHz  is  used  for  the 
down-link  and  is  split  between  three  operators  (Figure  3). 
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Figure  3  -  Allocation  of  the  upper  band  common  for  all 
scenarios 

The  different  allocations  are  proposed  for  two  remaining 
bands.  In  each  scenario  5  MHz  are  available  for  un¬ 
licensed  private  use  (P)  in  TDD  mode. 
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4. 1  -  Possible  UMTS  Core  Band  allocation  N°1 
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Figure  4  -  Scenario  N°  1 

This  scenario  provides  a  sufficient  ratio  of  asymmetry  : 
35  MHz  (15  MHz  +  20  MHz)  for  down-link  and  5  MHz 
for  up-link.  It  is  possible  to  use  the  FDD  mode  in  all 
bands  and  the  TDD  mode  in  the  lower  paired  band.  The 
extension  bands  are  available  on  the  lower  part  of  the 
spectrum  and  could  be  used  in  FDD  down-link  or  TDD 
mode. 

4.2  -  Possible  UMTS  Core  Band  allocation  N°2 
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Figure  5  -  Scenario  N°  2 

The  total  band  is  first  divided  between  up-link  and 
down-link  transmissions  and  then  each  part  is  split 
between  the  three  operators.  A  20  MHz  duplex  separation 
is  available  allowing  a  use  either  in  TDD  or  FDD  mode. 
Extension  bands  could  be  used  in  TDD  or  FDD  up-link 
(lower  part  of  spectrum)  and  FDD  down-link  (middle  part 
of  spectrum). 

4.3  -  Possible  UMTS  Core  Band  allocation  N°3 
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An  alternative  solution  is  to  split  the  lower  part  between 
three  operators  and  then  to  divide  between  up-link  and 
down-link  transmissions.  The  duplex  separation  in  the 
lower  part  is  too  small  to  allow  the  usage  of  the  FDD 
mode  in  down-link.  Therefore  the  TDD  mode  has  to  be 
used  for  the  down-link  traffic  with  a  small  up-link  return 
channel.  Extension  bands  in  the  lower  part  could  be  used 
in  TDD  or  FDD  up-link  mode  and  in  the  middle  part  in 
TDD  or  FDD  down-link. 

With  the  second  and  third  scenarios  the  TDD  mode  use 
would  allow  each  operator  to  adjust  the  level  of  asym¬ 
metry  to  the  traffic  situation.  It  should  also  be  possible  to 
use  more  FDD  mode  for  the  up-link  traffic. 

Further  studies  on  guard  bands  are  required. 

All  these  scenarios  allow  the  optimum  utilisation  of 
available  radio  resources.  We  think  that  the  adoption  of 
one  of  these  scenarios  will  be  a  better  solution  to  allocate 
spectrum  efficiently.  Currently  there  are  significant  dif¬ 
ferences  in  the  bandwidth  allocated  to  each  operator  in 
various  countries  so  the  spectrum  is  not  used  in  the  most 
efficient  manner. 

5.  CONCLUSION 

UMTS  will  provide  world-wide  new  additional  services 
on  the  basis  of  IMT-2000  Core  Band  and  Extension  Bands 
which  allocation  we  expect  during  the  next  WRC-99. 

The  UMTS  success  will  depend  on  the  efficient  use  of  the 
adequate  amount  of  the  spectrum.  New  technological 
features,  new  allocation  and  management  policy  will  allow 
spectrum  use  in  the  most  efficient  manner.  It  is  critical  to 
plan  today  tomorrow’s  communications. 
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Figure  6  -  Scenario  N°  3 
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Since  about  1992,  radio  observations  done  in  the 
322.0  -  328.6  MHz  band  suffer  harmful  interference 
from  an  unknown  space  station.  The  interference  still 
exists  at  a  level  not  different  from  its  initial  detectton. 
In  the  frequency  band  322.0  -  328.6  MHz  the  Fixed, 
Mobile  and  Radio  Astronomy  services  enjoy  a  pri¬ 
mary  (shared)  allocatton. 

Radio  astronomers  in  the  Netherlands  and  India  were 
the  first  to  report  the  existence  of  this  unknown  space 
station  of  which  several  characteristics  were  derived 
from  careful  analysis  of  the  radio  astronomical 
measurements.  The  radio  astronomy  observations 
were  confirmed  by  the  Leeheim  Satellite  Monitoring 
Station  of  the  German  administration.  The  Dutch 
administration  filed  a  formal  complaint  at  the  ITU  in 
Geneva,  the  ITU  brought  this  to  the  attention  to  a.o. 
the  USA  and  Russian  administrations. 

CRAF  was  informed  by  the  Russian  administration 
that  it  could  be  excluded  that  the  space  station  is  a 
Russian  one.  In  the  meantime  the  US  administration 
(NTIA)  and  the  spectrum  manager  of  the  US  National 
Science  Foundation,  dr.T.Gergely,  put  much  effort 
into  this  issue  attempting  to  solve  it. 

At  the  43rd  meeting  of  the  Committee  on  Radio 
Frequencies  of  the  US  National  Research  Council, 
CORF,  in  Washington  (13-14  May  1998),  dr.Gergely 
reported  that  now  the  space  station  is  known: 
the  TEX  satellite. 

1.  THE  TEX  SATELLITE 

The  TEX  satellite  was  built  by  Defence  Sciences  Inc 
(DSI)  which  is  now  part  of  Orbital  Sciences  Corp 
(OSC),  as  a  part  of  an  experiment  built  by  Rockwell 
International,  now  part  of  the  Boeing  Company.  It  was 
launched  on  April  11,1990  and  its  service  ended  in 
June  1991. 

The  satellite  moves  in  a  polar  orbit  (90  degr.  incli¬ 
nation).  Its  mean  altitude  is  372  Nmi  (-689  km).  Its 
decay  is  0.005  Nmi  per  week  or  about  1  NMi  each  4 
years  (-0.01  km  and  1.85  km,  respectively).  The 
orbital  period  is  100  minutes,  which  implies  about  14 
revolutions  around  the  Earth  each  24  hours.  The  sa¬ 
tellite  visits  every  place  on  the  Earth's  surface  at  least 
twice  each  24  hours,  while  the  frequency  of  "in  view" 


events  increases  with  latitude  (e.g.  in  view  of  the 
North  Pole  on  all  14  revolutions  per  day). 

2.  ILLEGAL  FREQUENCY 

The  interference  is  caused  by  the  "Beep  Receive" 
transmissions  of  the  satellite.  TEX  uses  the  UHF 
frequency  of  328.25  MHz.  However,  given  the  ITU-R 
Radio  Regulations  the  use  of  this  frequency  for  space 
applications  is  illegal  and  therefore  the  satellite  must 
be  maintained  in  "quiet"  mode.  The  satellite  uses  a 
two-way  command  and  control  link  which  transmits 
and  receives  on  328.25  MHz.  In  the  communications 
with  the  ground  control  station,  the  downlink  is  used 
for  satellite  telemetry  and  the  uplink  for  commands 
and  schedules. 

The  satellite  attitude  control  relies  on  a  gravity  gra¬ 
dient  boom.  This  implies  an  about  3  kG  mass  on  a  7 
meter  boom.  The  satellite  attitude  is  driven  to  maxi¬ 
mize  difference  in  altitudes  of  satellite  mass  and 
boom  mass.  It  may  become  stable  "right  side  up"  or 
"up  side  down".  A  "Z"  coil  provides  controlled 
magnetic  torque  to  invert  the  satellite  if  necessary. 

The  following  event  occurred:  the  TEX  gravity 
gradient  boom  did  not  deploy  correctly:  it  is  deployed 
after  the  satellite  is  on  orbit.  During  the  extension  the 
boom  became  bent  and  flexible.  Therefore,  it  cannot 
hold  the  satellite  attitude.  DSI  developed  a  control 
procedure  to  maintain  the  correct  attitude.  However, 
its  success  was  moderate. 

3.  NO  OFF-SWITCH 

The  current  problem  is  that  the  UHF  link  was,  and  is 
still  functioning.  The  system  has  no  "off"  switch  to 
prevent  fatal  unintentional  shutdown,  and  it  can  still 
receive  commands  and  download  telemetry. 

The  satellite  was  designed  to  be  robust:  if  the  power 
system  bus  voltage  falls  below  a  threshold,  protective 
circuits  operate  to  shed  satellite  loads,  to  restart  the 
computer  when  the  batteries  have  been  recharged 
and  to  initiate  the  beep  receive  mode  to  re-establish 
communication  with  the  ground  station.  If  the  flight 
computer  "hangs  up",  a  watchdog  timer  operates  to 
reset  the  computer,  clear  the  memory,  restart  the 
control  program  and  initiate  the  beep  receive  mode. 


The  UHF  link  expects  regular  scheduled  contact  with 
the  ground  control  station,  which  executes  normally 
two  or  more  scheduled  exchanges  per  day.  It  enters 
the  beep  receive  mode  if  no  schedules  are  seen  for 
72  hour. 

The  schedules  can  become  absent  if  the  operator  has 
neglected  to  uplink  updated  schedules,  if  timely 
schedule  uplink  was  not  heard  by  the  satellite,  and  if 
the  flight  computer  "watch-dog"  timer  initiates  reset. 

The  beep  receive  mode  is  the  interfering  mode.  The 
UHF  link  transmits  a  2-second  burst  of  status  and 
telemetry  every  72  seconds  and  listens  for  a  reply.  It 
is  attempting  to  re-establish  contact  with  the  ground 
control  station.  The  beep  receive  mode  continues 
until  valid  schedules  are  received  from  the  ground 
control  station.  The  operator  must  recognize  the  beep 
receive  mode  in  order  to  take  action.  He  cannot 
execute  corrective  action  in  absence  of  the  beep 
receive  mode  since  that  would  overfill  the  satellite 
command  buffer,  lose  visibility  of  future  schedules 
events  in  telemetry  and  initiate  possible  watch-dog 
timer  reset.  The  beep  receive  potential  is  expected  to 
continue  until  the  solar  panels  cannot  collect  suffi¬ 
cient  energy  to  sustain  the  system  (the  system  cannot 
restart  after  a  recharge  period),  the  flight  computer 
hangs  up  and  the  watchdog  timer  has  failed,  or  the 
satellite's  transmitter  fails. 

4.  ACTIONS 

To  keep  the  UHF  link  "quiet"  requires  regular  operator 
effort  and  regular  communication  of  the  ground 
station  with  the  satellite.  An  accompanying  problem  is 
that  the  satellite  uplink  appears  to  be  degraded  due  to 
the  following  reasons: 

The  satellite  receiver  may  be  losing  sensitivity 
because  to  aging  of  the  components,  exposure  to 
space  environment  and  increased  ambient  noise. 

*  Or,  the  satellite  is  upside  down,  so  that  the  antenna 
is  less  effective  in  this  inverted  attitude. 

Boeing  is  maintaining  the  TEX  satellite  and  has  set 
up  a  program  for  daily  monitoring  and  work  on  the 
problem  solution.  The  ground  station  has  employed 
operator  manpower  and  installed  equipment  to  keep 
the  satellite  “quiet".  OSC  has  a  backup  station  for 
assistance  when  required. 

Boeing  began  monitoring  TEX  on  5  September  1997. 
TEX  had  probably  been  in  continuous  beep  receive 
mode  up  to  that  time  since  it  has  no  possibility  to  turn 
it  "off"  at  end  of  mission.  After  several  Boeing 
activities  the  beep  receive  ended  on  21  September 
1997.  From  21  September  1997  to  8  May  1998  (= 
230  days)  TEX  has  been  in  beep  receive  mode  for  43 
days  only.  Of  these  43  days,  15  days  turned  out  to  be 
"avoidable"  and  28  days  were  "spontaneous"  due  to 
malfunction  of  the  satellite  system). 

The  following  ongoing  actions  are  distinguished: 

*  Maintain  beep  silencing  through  Boeing/ground 
station 


*  Improve  the  link  margin  by  increasing  the  ground 
transmitter  power,  installing  a  tracking  antenna  at 
OSC  /backup  facility 

*  Improve  spacecraft  control  reliability 

*  Interface  to  radio  astronomy  community  (beep  log 
from  USAF,  TEX  pass  data  from  USAF  and 
interference  report  iog  from  radio  astronomers). 

*  Pursue  permanent  deactivation  (the  risk  assess¬ 
ed  requires  radio  astronomy  input). 

5.  DEDUCTIONS 

The  events  with  the  TEX  satellite  show  that  the  harm¬ 
ful  interference  results  from  a  series  of  mishaps. 

Among  those  are: 

[a]  the  frequency  used  by  the  satellite  which  is  illegal 
according  to  the  ITU-R  Radio  Regulations  (see  its 
Article  S5,  the  Table  of  Frequency  Allocations). 

[b]  the  satellite  has  no  "off"  switch.  The  reasons  for 
this  are  known  and  it  is  CRAF's  understanding  that 
later  satellites  are  required  to  have  such  a  switch. 
However,  the  absence  of  this  facility  in  the  TEX 
satellite  implies  great  difficulty  to  make  it  silent. 

CRAF  assumes  that  deduction  [a]  is  not  an  intentio¬ 
nal  error  but  the  result  of  insufficient  or  inaccurate 
communications  or  misunderstanding,  somewhere 
between  the  parties  involved  in  the  frequency  select¬ 
ion  and  coordination  process  for  this  space  station. 
CRAF  considers  this  a  serious  issue  because  of  its 
possible  consequences:  The  harmful  interference 
event  hurts  currently  the  Radio  Astronomy  Service. 
Another  event  with  a  different  space  station  might 
cause  interference  to  other  users  of  radio,  e.g.  the  sa¬ 
fety  of  life  communications.  And  when  the  space  sta¬ 
tion  does  not  have  the  facility  to  kill  the  interference 
(as  in  this  case),  the  consequences  can  be  much 
more  catastrophic. 

A  case  as  the  harmful  interference  from  the  TEX 
satellite  is  therefore  extremely  important.  CRAF  trusts 
that  the  lessons  which  have  to  be  learned  from  this 
case  by  regulatory  authorities,  operators,  system 
designers,  and  industry  lead  to  adequate  regulatory, 
procedural,  and  technical  improvements  to  prevent 
similar  cases  in  future. 

Knowing  the  details  about  the  TEX  satellite,  it  has  to 
be  investigated  in  which  way,  and  to  which  extent  the 
interference  problem  can  be  alleviated. 

6.  ACKNOWLEDGEMENTS: 

CRAF  thanks  the  administrations  of  the  Netherlands, 
Germany  and  the  USA  (NTIA)  for  their  supportive 
help.  We  also  thank  the  ITU-R  Radiocommuni¬ 
cations  Bureau  for  its  actions,  the  US  Department  of 
Defence,  the  NSF  Spectrum  Manager,  and  the 
Boeing  Company  to  bring  clarity  on  this  issue. 


EMC  98 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 


THE  CLOUD  RADAR,  A  PROBLEM  FOR  THE  PASSIVE  USERS 
OF  THE  mm- WAVE  SPECTRUM. 

TESTS  ON  A  PROPOSED  FILTERING  STRUCTURE 


V.  Natale  (*),  G.  Tofani  (*),  G.  Tomassetti  (**),  V.  Dainelli  (***),  C.  G.  M.  Van’t  Klooster  (****) 
(*)  CAISMI  -  CNR  Largo  E.  Fermi,  5  1-50125  Firenze 
(**)  IRA  -  CNR  Via  Gobetti  101  1-40129  Bologna 
(***)  OERLIKON-CONTRAVES  Via  Affile,  102  1-00131  Roma 
(****)  ESTEC,  Nordwijck,  The  Netherlands 


After  a  recollection  of  the  scientific  aims  and  of  the 
proposed  hardware  for  its  implementation,  the  Authors 
describe  the  behaviour  of  a  novel  band-stop  filter 
working  at  95  GHz,  designed  and  manufactured  by 
Oerlikon-Contraves  in  the  optics  of  a  profitable 
collaboration  between  science  and  industry. 

The  results  of  the  measurements  of  the  filter  at  78K  and 
4K  are  also  presented  and  discussed. 

1.  SCIENTIFIC  GOALS 


A  global  warming  monitor  may  become  the 
measurement  of  the  three-dimensional  distribution  of 
clouds  which  effectively  govern  the  earth  radiation 
budget. 

The  large  scale  air  circulation  and  the  vertical 
distribution  of  radiative  and  latent  heating  are  also 
largely  dependent  on  the  vertical  cloud  profile.  The 
cloud  profiling  cannot  be  fully  ascertained  by  optical 
means  due  to  the  cloud’s  opacity  at  very  short 
wavelengths. 

However  the  reflectivity  of  clouds  at  microwave 
frequencies  can  be  profitably  used  to  “see”  their  inside 
and  if  the  microwave  stream  comes  from  above  e.g. 
from  a  radar  orbiting  at  the  proper  height,  its  multi-layer 
structure  down  to  ground  level  can  be  evaluated. 

The  use  of  a  low  earth  satellite  (LEO)  carrying  a  suitable 
radar  device  has  been  envisaged  in  order  to  carry  out 
this  task  in  a  relatively  simple  fashion. 

It  has  been  estimated  that  one  kilowatt  of  millimetre- 
wave  power  and  a  2  meter  diameter  parabolic  dish,  nadir 
looking,  flying  in  a  polar  orbit  some  400  km  above 
ground  would  be  just  enough  in  the  first  phase  of  the 
proposed  research. 

Modern  technology  gives  the  right  answers  to  most  of 
the  problems  involved  in  the  design  of  such  a  flying 
structure  but  open  questions  still  remain  e.g.: 


i)  the  choice  of  a  suitable  frequency; 

ii)  the  interference  caused  to  other  services  (largely 
dependent  on  the  previous  choice). 

As  a  matter  of  fact  radars  located  on  space  stations, 
according  to  Radio  Regulations,  were  supposed  to 
operate  within  78-79  GHz,  but  meteorologists  opposed 
this  confinement  and  suggested  the  use  of  a  small  sector 
close  to  95  GHz  for  two  important  reasons: 

i)  a  technical  one:  existing  high  power  radar  devices  at 
95  GHz  are  readily  available  while  nothing  of  that  sort 
is  to  be  found  at  78  GHz; 

ii)  a  scientific  one:  the  back  scattering  coefficient  of 
clouds  is  inversely  proportional  to  the  fourth  power  of 
wavelength  making  a  worthwhile  improvement  in  the 
radar  sensitivity  (3.4  dB)  the  choice  of  95  GHz  instead 
of  78  GHz. 

The  choice  of  a  sector  close  to  95  GHz  is  today  agreed 
to  by  the  majority  of  the  scientific  community  (WRC  97 
has  just  allocated  94.0-94.1  GHz)  the  only  objections 
coming  from  radioastronomers  and  remote-sensing 
scientists  who  fear  the  consequences  of  a  high  power 
transmitter  crossing  either  the  main  beam  or  side  lobes 
of  their  ground-based  sensitive  millimetre-wave 
receivers. 

It  has  been  shown  that  an  SIS  receiver  can  be  destroyed 
or  suffer  heavy  overloading  depending  on  the  position  of 
the  flying  radar  overhead. 

2.  DESIGN  AND  MEASUREMENTS 


Aware  of  these  problems,  the  European  Space  Agency 
(ESA)  have  let  a  contract  to  Oerlikon-Contraves  to  make 
a  “Study  of  Protective  Measures  for  mm-wave  Radio 
Telescopes  against  Interferences  Generated  by 
Spaceborn  Cloud  Radar”. 
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The  results  of  the  preliminary  “Study”  were  presented 
by  Oerlikon-Contraves  during  the  March  1997  meeting 
at  ESTEC. 

The  proposed  solution  consists  essentially  in  the 
introduction  of  a  suitable  band-stop  filter  before  the 
input  of  the  mm-wave  receiver. 

The  aim  of  the  design  of  the  protective  structure  was  the 
integration  of  the  filter  between  the  mixer/bolometer 
waveguide  mount  and  the  feedhorn  which  collects  the 
radiation  from  the  telescope  antenna.  Usually,  at  mm- 
waves  in  particular,  these  components  operate  at 
cryogenic  temperatures,  typically  between  4K  and  70K. 
The  filter  structure  was  designed  as  a  cascade  of 
cavities,  made  either  with  slots  or  rings  in  circular 
waveguide. 

Both  solution  imply  severe  technological  problems 
which  have  been  analysed  in  great  detail  by  Oerlikon- 
Contraves.  The  two  options  have  been  manufactured  by 
electroforming  techniques  and  tested  at  ambient 
temperature. 

Owing  to  the  physical  complexity  in  the  structures,  only 
the  electromagnetic  characterisation  was  possible  and, 
from  the  derived  parameters,  a  comparison  between 
theory  and  measurements  was  carried  out  considering 
nominal  dimensions  of  the  filter  and  random  error 
tolerances  effects. 

The  results  indicate  that  the  ring-loaded  filter  is  the  one 
which  meets  more  easily  the  required  specifications.  A 
cross-section  of  the  filter  is  shown  in  Fig.  1 
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Fig.  1.  Cross-section  of  the  selected  three  section  ring 
loaded  filter. 

In  the  prosecution  of  the  program,  the  impact  of  the 
cryogenic  temperature  on  the  filter  response  and  on  the 
measurements  procedures  was  carefully  analysed. 

The  expected  major  effects  of  very  low  temperatures  on 
the  filter,  concern  the  dimensions  and  the 
electromagnetic  parameters  changes  in  the  metal  itself. 

A  review  of  the  properties  of  solids  at  cryogenic 
temperatures,  therefore,  has  been  carried  out  in  order  to 
predict  the  behaviour  of  the  filter  near  4K. 

The  actual  measurements  of  the  electrical  parameters  of 
the  prototype  unit  needed  its  fixing  on  the  cold  plate  of  a 
proper  dewar  as  sketched  in  Fig.  2. 


Fig.  2.  Cross-section  of  the  lower  side  of  the  dewar.  The 
DUT  is  screwed  on  the  thick  copper  plate. 

Stainless  steel  waveguide  lengths  solved  the  thermal 
isolation  problem  between  the  device  under  test  (DUT) 
and  the  ambient  temperature  window  protected  by  a  10 
mil  thick  Mylar  membrane,  shown  in  Fig.  3. 


Fig.  3.  Detailed  section  of  the  input/output  windows  of 
the  dewar. 

The  actual  filter  response  was  measured  in  terms  of  S- 
parameters  using  a  HP8510  test  system  at  Oerlikon- 
Contraves  facilities.  The  measurement  procedure  was 
the  standard  substitution  method  where  the  DUT  is 
removed  in  order  to  calibrate  and  store  the  measurement 
set  up,  interface  transitions  included. 

A  lengthy  and  cumbersome  calibration-substitution- 
measurement  had  to  be  performed  at  ambient,  78K  and 
4K  temperatures.  The  filter  true  performance  was  then 
finally  obtained  by  subtraction. 

An  alternative  measurement  procedure,  more 
appropriate  considering  the  peculiarity  of  the  application 
of  the  filter,  could  be  the  radiometric  method  (RATEP 
WP2000,  1997)  but  its  complexity  (need  of  a  broad 
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band  highly  stable  receiver  at  95  GHz  and  of  a  high 
resolution  spectrometer)  and  the  expected  lower 
accuracy  (noise  measures)  suggested  to  favour  the  S- 
parameter  approach. 


3.  RESULTS 


The  main  parameters  to  be  measured  in  the  prototype 
filter  unit  were: 

i)  its  ability  to  withstand  a  sudden  temperature  stress; 

ii)  the  insertion  loss  variation  vs.  temperature; 

iii)  the  “depth”  in  dB  of  the  rejected  band  vs. 
temperature; 

iv)  the  frequency  shift  of  the  band-stop  centre  frequency 
vs.  temperature. 

The  first  point  was  implemented  by  simply  dipping  the 
filter  in  liquid  nitrogen.  As  this  test  was  well  taken,  the 
unit  was  located  in  the  dewar  for  further  investigations. 
The  second  point,  the  out  of  band  insertion  loss 
variation  with  cooling,  results  difficult  to  quantify:  the 
computed  loss  of  the  filter  is  0.13  dB  at  300K.  The 
expected  improvement  of  this  already  small  quantity  was 
well  detected  at  78K  and  4K  but  being  so  close  to  the 
accuracy  of  the  test  gear  is  difficult  to  quote  it  with 
confidence.  An  estimate  figure  could  be  0.05  dB, 
equivalent  to  5K  noise  temperature. 

The  shape,  position  and  depth  of  the  stop-band  response 
are  easily  determined  because  displayed  on  the  monitor 
of  the  test  set-up. 

Fig.  4  shows  the  response  of  the  filtering  structure  at 


ambient  temperature. 
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Fig.  4.  The  filter  response  at  ambient  temperature.  On 
the  horizontal  frequency  scale  the  resolution  is 
3.5  GHz/;  the  vertical  scale  reads  5  dB/. 

The  loss  of  the  rejected  band  is  greater  than  30  dB.  The 
band  effectively  “occupied”  (pedestal  of  the  whole 


response  on  the  frequency  axes)  is  of  the  order  of  3 
GHz. 

The  results  of  the  test  at  78K  are  not  commented 
because  they  are  so  close  to  those  obtained  at  4K. 

Fig.  5  shows  what’s  happening  when  the  physical 
temperature  drops  down  to  4K  (actually  the  effective 
working  temperature  was  measured  to  be  7K).  The 
improvement  in  the  depth  of  the  resonance  is  about  10 
dB. 


Fig.  5.  Filter  behaviour  at  4K.  Note  the  improved  depth 
of  the  resonance  and  the  shift  upwards  of  the 
centre  frequency. 

Finally  the  graph  of  Fig.  6  shows  the  measured  linear 
trend  of  the  band  stop  dip  towards  higher  frequencies  for 
temperature  dropping  from  ambient  to  78K.  Only  a 
marginal  change  of  this  parameter  is  detected  when  the 
physical  temperature  swings  from  78K  to  4K.  The 
computed  slope  in  the  linear  region  is  1.56  MHz/K. 

400  - - - - - - — - — - — : — • — • — — ; 


Fig.  6.  The  shift  of  the  stop-band  centre  frequency  vs. 
temperature. 
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Abstract:  Radioastronomical  obser\>ations  require  the 
maximum  possible  sensitivity  to  detect  weak  signals  of 
cosmic  origin.  Interference  by  active  services  limits 
the  sensitivity  or  makes  observations  impossible  at  all. 
We  describe  the  actual  and  expected  interference 
situation  at  the  Effelsberg  100m  telescope. 

1.  Introduction 

The  Effelsberg  100m  telescope  (see  Fig.  1)  is  still  the 
largest  fully  steerable  single  dish  radio  telescope  in  the 
world.  Continuously  improved  over  its  25  years  of 
operation,  it  is  a  very  flexible  instrument,  used  for  a 
wide  range  of  scientific  applications  over  a  wide  range 
of  frequency  bands.  Located  in  a  narrow  valley,  it  is 


ig.  1  The  100m  radio  telescope  of  the  Max-Planck- 
Institute  fiXr  Radioastronomie 

asonably  well  shielded  against  interference  from 
rrestrial  transmitters.  The  large  number  of  planned 


and  announced  satellite  networks,  however,  constitute  a 
major  threat  for  the  future. 

2.  The  Frequency  coverage  of  the  Effelsberg  radio 
telescope 

Initially  designed  for  decimeter  and  centimeter  wave¬ 
lengths  up  to  a  frequency  of  10  GHz  the  Effelsberg 
100  m  telescope  is  today  used  at  a  highest  frequency  of 
86  GHz.  Astrophysically  important  information  can  be 
gathered  at  all  frequencies,  not  only  within  the  bands, 
which  the  ITU  has  allocated  to  radio  astronomy. 
Therefore,  full  frequency  coverage  up  to  50  GHz  is 
aimed  for.  (86  GHz  is  used  presently  for  interferometric 
observations  (VLBI)  only.) 

An  updated  list  of  receivers  is  available  at 
http://www.  mpifr-bonn.  mpg.de/w3  /technik/rxlist .  html . 
Specifications,  such  as  RF -filtering  and  system  tem¬ 
peratures,  can  be  found  there  as  well. 

3.  Radioastronomical  frequencies 

Radio  astronomy  is  treated  as  a  radiocommunication 
service  by  the  ITU,  which  means  that  a  series  of 
frequency  bands  are  allocated  to  radio  astronomy. 
Additionally,  use  of  certain  subbands  for 
radioastronomical  observations  is  indicated  by  a  footnote 
in  the  table  of  frequency  allocation.  Another  footnote 
contains  a  list  of  passive  bands,  where  all  emissions  are 
prohibited.  The  fraction  of  spectrum  allocated  to  radio 
astronomy  is  increasing  with  frequency: 


below  1  GHz  :  2.2% 

below  10  GHz  :  3.1% 

below  30  GHz  :  4.0% 

below  100  GHz  :  9.0% 

below  275  GHz  :  22.5% 


However,  below  10  GHz  most  of  the  allocation  is  sec¬ 
ondary,  and  radio  astronomy  has  formally  to  accept 
interference  by  active  services  with  a  primary  allocation, 
although  no  useful  measurement  can  be  made.  2/3  of  the 
radio  astronomy  allocation  below  100  GHz  fall  into  the 
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band  86  -  92  GHz,  which  is  of  limited  use  for  the 
Effelsberg  radiotelescope  only. 

4.  Sensitivity  and  Interference  limits 
Radio  astronomy  is  the  radio  service  with  the  highest 
sensitivity  and  hence  the  lowest  interference  threshold 
values.  Tables  with  interference  threshold  values  for 
all  frequency  allocations  to  radio  astronomy  can  be 
found  in  the  ITU-R  literature  together  with  their 
derivation  and  assumptions  [  1 J . 

The  basic  assumptions  are:  The  interfering  power 
should  stay  below  10%  of  the  noise  fluctuation  of  the 
measuring  system  after  detection  given  by  the  system 
noise.  In  other  words,  the  sensitivity  of  the 
radioastronomical  system  should  not  be  reduced  by 
more  than  10%.  This  sensitivity  is  derived  for  the 
different  frequency'  bands  as  a  function  of  the  receiver 
noise  temperature,  minimum  antenna  temperature, 
observing  bandwidth,  and  an  integration  time  of  2000 
sec.  Bandwidth  is  taken  to  be  the  width  of  the 
allocated  band  in  the  case  of  continuum  observations, 
and  as  channel  bandwidth  corresponding  to  a  Doppler 
broadening  of  3  km/s  for  spectroscopy.  These  values 
are  just  sample  values  and  not  at  all  representative  for 
the  best  in  sensitivity  that  can  be  reached  today.  Also 
some  of  the  assumed  receiver  noise  temperatures  are  a 
bit  outdated. 

4. 1  „On  the  fly“  measurements. 

The  Effelsberg  radiotelescope  is  sensitive  enough  to 
measure  some  of  the  stronger  spectral  lines  „on  the 
fly".  In  this  observing  mode,  the  telescope  is  moved 
continuously,  scanning  a  field  in  the  sky,  rather  than 
taking  a  spectrum  on  a  source  position  and  subtracting 
the  spectrum  of  an  off-source  position,  as  is  the  more 
common  observing  mode  in  spectroscopy.  As  the  inte¬ 
gration  time  one  may,  in  that  case,  take  the  time  inter¬ 
val  in  which  the  main  beam  of  the  telescope  slews  over 
a  fixed  point  in  the  sky.  An  example  of  such  an  „on 
the  fly"  measurement  is  given  in  figure  2.  a  spectrum 
of  a  SO-line  at  30.001  GHz.  The  equivalent  inte¬ 
gration  time  is  30s  and  the  line  flux  density  is  1 .6  Jy. 
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Fig.  2  Spectrum  of  the  SO  line  at  30. 001  GHz, 

observed  in  the  dark  cloud  LI 5 12  (D.  Muders, 
private  communication)  Brightness  temperature 
(K)  is  plotted  against  velocity  (km/s) 


4.2  Deep  spectra. 

At  the  other  end  of  the  sensitivity  scale  long  integrations 
result  in  spectra  of  veiy  weak  spectral  lines.  As  an 
example  (Fig.  3)  a  spectrum  of  the  very  rare  isotope  3He 
at  8.6  GHz  is  given.  The  determination  of  the  abundance 
ratio  of  the  rare  isotope  3He  to  the  4He  isotope  and  its 
spatial  distribution  are  of  greatest  cosmological 
importance.  Presently  only  the  Effelsberg  radiotelescope 
is  sensitive  enough  to  take  3He  spectra.  The  given 
example  is  the  result  of  21  hours  of  integration  time, 
and  the  line  flux  density  is  4.5  mjy. 


Fig.  3  Spectrum  of  the  3 He  line  at  8. 6  GHz,  observed  in 
NGC3242.  The  weak  Hydrogen  line  (HI  71)  is 
also  displayed.  [2] 


5.  Interference  examples. 

5.1  GLONASS. 

The  first  case  of  a  loss  of  a  complete  radioastronomical 
band  to  interference  happened  a  couple  of  years  ago. 
The  reason  was  the  Russian  global  navigation  satellite 
system  GLONASS,  which  rendered  the  frequency  band 

1610.6  -  1613.8  MHz  useless,  where  a  transition  of  the 
OH  radial  (Hydroxyl)  is  observed.  This  event  did,  of 
course,  affect  all  radiotelescopes  in  the  world.  Therefore. 
IUCAF,  the  Inter-Union-Commission  for  the  Allocation 
of  Frequencies,  started  negotiations  with  the  GLONASS 
administration.  The  negotiation  resulted  in  a 
coordinated  experiment  first,  and  later  in  an  agreement 
to  remove  the  interference  in  a  step  by  step  approach. 
Until  the  year  2005,  the  transmissions  of  the  GLONASS 
satellites  into  the  radio  astronomy  frequency  band  will 
be  suppressed  to  below  the  interference  threshold  values 
of  ITU-R  RA.769.  (i.e.  -238  dB(W/nr-Hz).  Also  the 
Effelsberg  telescope  has  taken  part  in  the  coordinated 
GLONASS  experiment,  the  results  have  been  presented 
[3]. 

5.2  ASTRA  ID. 

The  second  case  of  the  destruction  of  a  whole  radio 
astronomy  band  is  constituted  by  the  TV  satellite 
ASTRA  ID  of  the  Luxemburg  based  company  SES. 

Radio  astronomy  has  a  primary  allocation  in  the  band 

10.6  -  10.7  GHz,  the  upper  part  of  which,  10.68  -  10.7 
GHz  even  being  a  purely  passive  band  („all  emissions 
are  prohibited").  However,  the  adjacent  band  10.7  -  1 1.7 
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GHz  is  allocated  to  the  fixed  satellite  sendee  for  space- 
to-earth  transmissions.  ASTRA  ID  now  (ab)uses  the 
lowest  channel  of  that  FSS  allocation  to  broadcast 
direct-to-home  TV.  The  situation  is  best  illustrated  by 
the  spectrum  given  in  Fig.  5,  which  the  satellite  moni¬ 
toring  station  Leeheim  of  the  German  administration 
has  taken.  The  sensitivity  of  their  system  (12m 
antenna,  uncooled  receiver)  was  not  sufficient  to  detect 
signals  at  the  interference  threshold  levels  of  ITU-R 
RA.769.  nevertheless,  the  power  flux  density'  of  the 
TV  programme  is  well  above  the  noise  floor  of  the 
Leeheim  spectrum  analyser  through  the  upper  part  of 
the  radio  astronomy  band  This  noise  floor 
corresponds  to  a  flux  density'  of  30  dB  above  the 
recommendation  ITU-R  RA.769  threshold  value, 
where,  additionally,  another  15  dB  of  extra  protection 
against  transmiters  in  the  geostationary'  orbit  is  asked 
for,  because  the  assumption  of  0  dBi  of  sidelobe  level 
for  the  receiving  antenna  is  not  valid  in  a  large  circle 
around  the  satellite  transmitter. 


This  effect  could  be  clearly  shown  in  test  measurements 
with  the  Effelsberg  telescope.  The  2.8cm  receiver  has  a 
4-horn  8-channel  frontend.  For  the  test  observations, 
represented  in  Fig.  4,  channel  A  was  equipped  with  a 
steep  bandpass  filter  and  tuned  to  a  lower  frequency. 
Channel  B  was  also  tuned  to  lower  frequencies  by  100 
MHz.  but  without  additional  filtering.  Channels  C  and 
D  remained  unmodified,  i.e.  optimized  to  observe  the 
radio  astronomy  band.  The  measurement  was  taken  at  a 
position  in  the  sky,  20  degrees  away  from  the  ASTRA 
position.  Clearly,  only  channel  A  delivered  useful  data. 
Now.  all  4  channels  are  retuned  and  filtered,  and  a 
frequency  band  is  observed,  which  is  allocated  to  other 
services.  This  is  in  general  acceptable  for  continuum 
observations,  but  the  filters  reduce  the  sensitivity'  a  bit. 
and  in  case  of  interference  by  the  services,  to  which  this 
band  is  allocated,  there  is  no  basis  for  complaints. 


Fig.  5  Calibrated  spectrum  of  ASTRA  ID,  taken  by  the 
satellite  monitoring  station  Leeheim.  The  dashed 
line  at  10.7  GHz  is  the  border  line  between  the 
radio  astronomy  and  the  fixed  satellite  allocation 

5.3  Fixed  link  networks. 

As  an  example  for  an  ongoing  coordination  process  the 
setup  of  the  mobile  phone  networks  may  be  considered. 
The  frequencies  at  which  the  mobile  phones  are 
operating  are  not  under  discussions  here,  the  potential 
danger  comes  from  the  associated  fixed  link  networks. 
Their  preferred  frequency  band  in  Germany  is  23  GHz. 
A  few  years  ago,  interference  at  such  a  high  frequency 
was  beyond  imagination,  today  fixed  links  are  being 
installed  at  frequencies  even  above  30  GHz. 


Fig.  4  Test  measurements  on  a  strong  point  source, 
20°  away  from  the  ASTRA  position,  with 
channels  A  to  D  (bottom  to  top)  of  the  10. 7 
GHz  receiver. 


In  the  spectrum  region  of  the  23  GHz  fixed  service, 
radio  astronomy  has  two  allocations  w'ith  primary-  status: 
22.21  -  22.5  GHz  and  23.6  -  24.0  GHz,  for  observations 
of  interstellar  water  and  ammonia.  Three  further  sub- 


628 


bands  are  protected  by  footnote  S5.149  in  the  radio 
regulations  of  the  ITU-R  for  spectroscopic 
observations:  22.01  -  22.21  GHz,  22.81  -  22.86  GHz, 
and  23.07  -  23.12  GHz.  Additionally,  a  lot  of  other 
spectral  lines  are  observed  in  that  part  of  the  spectrum 
with  the  Effelsberg  telescope  outside  the  allocated 
bands.  The  mobile  phone  companies  as  well  as  the 
German  regulating  authority  use  modern  computer 
tools  for  network  planning  and  licensing.  During  that 
process  it  appeared  that  some  of  the  fixed  links  would 
produce  power  flux  densities  at  the  site  of  the  Effels¬ 
berg  telescope,  which  could  be  tens  of  dB  above  the 
interference  threshold  levels.  At  that  point,  radio 
astronomy,  mobile  phone  companies,  and  regulating 
authority  came  together  and  started  a  coordination 
process,  which  is  still  ongoing. 

The  companies  very  cooperatively  opened  their  plans 
and  even  participated  in  test  measurements.  Again,  the 
common  problems  showed  up:  measurements  with 
regular  monitoring  and  control  instruments  are  not 
sensitive  enough.  The  very  sensitive  Effelsberg 
radiotelescope,  however,  is  not  able  to  point  at  a 
terrestrial  transmitter,  due  to  its  location  in  a  valley, 
even  if  there  is  line  of  sight  from  the  transmitter  to  the 
limb  of  the  telescope  protruding  over  the  hills.  Also, 
an  antenna  diagramme,  like  the  technical 
specifications  of  e.g.  the  small  dish  antennas  of  the 
fixed  service,  cannot  be  obtained  for  the  100m 
telescope.  On  top  of  it,  the  interfering  transmitters  are 
in  the  near  field,  which  makes  predictions  of  the 
sidelobe  level  and  distribution  even  more  vague. 

In  fact,  during  test  observations  performed  with  a  fixed 
transmitter  at  one  of  the  critical  sites,  which  was 
pointed  in  the  direction  of  the  Effelsberg  telescope  for 
test  purposes,  a  relative  maximum  power  level  hap¬ 
pened  to  be  detected  with  the  telescope  pointing  at  15° 
elevation  and  36°  offset  in  azimuth.  A  later,  more  sys¬ 
tematic  measurement  showed  the  sidelobe  level  of  the 
near  field  antenna  beam  pattern  in  reasonable  agree¬ 
ment  with  the  far  field  model  antenna  response  with 
possibly  a  few  dB  extra  margin  due  to  the  shielding  by 
the  surrounding  hills.  (There  was  line  of  sight  to  part 
of  the  telescope  aperture,  only.)  So,  the  Effelsberg  tele¬ 
scope  is  continued  to  be  protected  to  the  interference 
threshold  levels  of  Recommendation  ITU-RA.769  in 
the  bands  allocated  to  radio  astronomy.  Negotiations 
with  the  involved  companies  have  even  shown  the 
willingness  to  protect  the  Effelsberg  telescope  in  a 
more  general  manner  even  outside  the  allocated  bands, 
in  the  case  of  very  nearby  fixed  stations.  Technical 
solutions  discussed  are  connection  of  the  sites  by  cable, 
or  implementation  of  a  switching  capability,  in  order 
to  allow  sensitive  observations  in  each  part  of  the  spec¬ 
trum  on  request.  Details  have  to  be  worked  out.  how 


ever,  the  interference  situation  is  still  very  good. 

6.  Conclusions 

The  observations  of  the  two  spectral  lines  (SO  and  3He), 
described  in  part  4,  were  made  at  frequencies  where 
there  is  no  allocation  to  radio  astronomy,  and  which  are 
not  contained  in  footnote  S5.149  of  the  radio 
regulations.  Nevertheless,  excellent  and  scientifically 
high  ranking  measurements  are  possible. 

The  10.7  GHz  band  has  been  an  important  continuum 
band  for  polarisation  and  pulsar  observations.  The 
allocation  has  always  been  a  bit  narrow,  but  it  was  well 
placed  in  the  spectrum,  at  about  octave  distance  to  the  5 
GHz  band  below  and  the  22  GHz  band  above.  It  is  com¬ 
pletely  destroyed  by  one  satellite. 

The  GLONASS-IUCAF  agreement  is  up  to  now  fol¬ 
lowed  by  the  Russian  administration,  and  OH  observa¬ 
tions  in  the  affected  band  are  again  possible,  at  least  on 
the  stronger  maser  sources.  However,  some  of  the 
mobile  satellite  systems,  which  are  presently  prepared, 
aim  at  exactly  this  band  with  their  difficult  to  coordinate 
mobile  frequencies.  In  fact,  the  Iridium  system,  which  is 
the  most  advanced  of  these  systems,  plans  to  use  a 
nearby  portion  of  the  frequency  spectrum  for  their 
downlink  transmissions. 

In  the  23  GHz  FS  band  negotiations  with  interested 
active  users  of  the  spectrum  has  so  far  resulted  in  a  very 
favourable  situation.  However,  the  before  mentioned 
mobile  satellite  system  Iridium  plans  to  use  the  band 
23.1925  -  23.3675  GHz  for  their  intersatellite  link,  in 
analogy  to  the  fixed  network  of  the  mobile  phone  sys¬ 
tems.  This  subband  is  very  close  to  the  before  mentioned 
band  23.07  -  23.12  GHz,  for  which  the  radioas- 
tronomical  interest  and  use  is  notified  in  footnote  S5. 149 
of  the  radio  regulations.  In  this  case  it  must  be  strongly 
doubted  that  there  is  the  possibility  and  the  willingness 
to  protect  observations  with  Effelsberg  or  any  other 
radio  telescope  in  this  part  of  the  spectrum,  which  is 
very  rich  in  spectral  lines. 

Alltogether,  the  interference  situation  at  the  Effelsberg 
telescope  with  it’s  unique  scientific  possibilities  is  not 
very  clear  cut.  Two  trends,  however,  are  evident: 
interference  is  occuring  at  higher  and  higher 
frequencies,  and  the  advantage  of  the  valley  location  is 
more  and  more  lost  due  to  satellite  transmissions. 
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Man-made  interference  of  various  kinds  has  an  increa¬ 
singly  negative  impact  on  passive  services  and  scienti¬ 
fic  applications  of  radio.  The  key  to  the  problem  is 
due  to  the  different  characteristics  of  "passive"  and 
"active"  spectrum  applications.  By  nature  these  are 
not  compatible.  Sophisticated  hardware  and  software 
tools  have  to  be  developed  to  cope  with  interference 
effects.  In  cases  where  this  is  not  sufficient  other 
solutions  have  to  be  found.  The  pressure  from  com¬ 
mercial  and  industrial  applications  of  radio  is  increa¬ 
sing  exponentially.  Facing  this  development,  scientists 
-  radio  astronomers  in  particular  -  are  confronted 
with  the  question  how  they  could  proceed  beyond  for 
instance  the  year  2050.  This  paper  reviews  the 
activities  of  European  radio  astronomers  during  the 
last  decade  to  keep  their  radio  windows  clean.  It  is 
considered  that  from  this  basis  radio  astronomy  will 
remain  a  healthy  science  doing  frontline  research 
while  taking  the  developments  adequately  into  account. 

1.  INTRODUCTION  TO  CRAF 

The  compatibility  between  radio  applications  of  a 
passive  and  an  active  radiocommunication  service  is  a 
key  question  of  the  issue  of  sharing  the  same  radio 
frequency  band.  Daily  experience  of  the  vulnerability 
of  passive  radio  use  for  harmful  radio  interference  lead 
in  1988  to  the  formation  of  the  Committee  on  Radio 
Astronomy  Frequencies.  CRAF.  under  the  umbrella  of 
the  European  Science  Foundation.  ESF  (Strasbourg 
France).  CRAF  coordinates  the  European  efforts  for 
the  protection  of  radio  spectrum  bands  used  by  the 
Radio  Astronomy  Service,  RAS.  and  other  passive 
applications.  At  present  16  European  countries  are 
member  of  CRAF.  Also  the  European  organisations 
ESA,  EISCAT  (European  Incoherent  Scatter  Scientific 
Association)  and  IRAM  (Institut  de  Radio  Astronomie 
Millim6trique)  are  member  of  CRAF. 

The  technological  development  has  enabled  all 
kinds  of  advanced  astrophysical  research,  but  at  the 


same  time  it  threatens  to  render  it  impossible  from  the 
surface  of  the  Earth.  Terrestrial,  airborne  and  space- 
borne  transmissions  are  generated  in  ever  increasing 
numbers  for  a  multitude  of  purposes.  The  starting 
point  of  CRAF  is  not  only  that  the  frequency  protecti¬ 
on  should  be  maintained  at  least  to  the  level  passive 
applications  of  radio  enjoyed  until  now.  but  also  to 
enable  scientific  use  of  radio  for  the  next  generation  of 
scientists. 

An  important  part  of  its  work  is  to  assist  the  Inter- 
Union  Commission  on  the  Allocations  of  Frequencies 
for  Radio  Astronomy  and  Space  Research,  IUCAF. 
This  body  is  a  joint  commission  of  the  International 
Union  of  Radio  Sciences,  URSI,  the  International 
Astronomical  Union,  IAU  and  the  Committee  on 
Space  Research,  COSPAR.  These  three  are  amongst 
the  many  international  scientific  unions  which  under 
the  International  Council  of  Scientific  Unions,  ICSU, 
devolve  from  UNESCO. 

For  the  protection  of  the  Radio  Astronomy  Service 
within  Europe,  CRAF  attempts  to  coordinate  the 
representations  made  to  the  various  national  and 
supranational  radio  regulatory  bodies.  It  operates  both 
at  an  administrative  and  at  a  technical  level,  so  that  it 
is  for  instance  also  concerned  with  setting  up  program¬ 
mes  of  interference  monitoring  and  seeks  to  develop 
technical  means  for  the  protection  of  radio  astronomi¬ 
cal  observations.  It  has  an  educational  role  in  making 
other  radio  spectrum  users  aware  of  the  sensitivity  and 
consequentially  the  need  for  protection  of  the  RAS. 
This  function  is  being  fulfilled  by  e.g.  the  publication 
of  its  Handbook  for  Radio  Astronomy  [1]  which  is 
intended  to  be  widely  available,  particularly  to  system 
designers  and  to  Spectrum  Managers.  Furthermore, 
CRAF  regularly  publishes  a  Newsletter,  which  is 
available  on  the  WorldWideWeb  (URL  address: 
http://www.nfra.nl/craf)  and  as  a  hardcopy  publication. 
The  CRAF  information  on  the  WorldWideWeb  also 
contains  detailed  information  about  the  relevance  of  all 
frequency  bands  used  by  radio  astronomy  in  Europe,  a 
brief  summary  of  the  interference  status  and  a  review 
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of  those  applications  which  have  impact  on  radio 
astronomy  by  their  interference. 

Since  January  1,  1997,  CRAF  employs  a  full  time 
pan-European  radio  astronomy  Spectrum  Manager. 

The  division  of  the  activities  of  the  organizations 
working  on  the  protection  of  radio  astronomy  frequen¬ 
cies  is  as  follows:  IUCAF  considers  global  issues. 
CRAF  addresses  European  regional  issues.  In  the  USA 
and  China  radio  astronomers  have  their  local  organiza¬ 
tion.  An  Asia-Pacific  regional  body  for  this  work  will 
soon  become  operational  as  well. 

2.  SHARING  BETWEEN  RADIO  ASTRONOMY 
AND  OTHER  SERVICES. 

Radio  astronomy  is  a  "passive"  radiocommunication 
service:  a  receiver-only  radiocommunication  applicati¬ 
on.  It  is  not  able  to  influence  the  transmitting  source: 
the  celestial  radio  source  which  transmits  its  radio 
waves  at  the  frequency  it  likes  and  at  the  time  it 
prefers.  All  other  services  use  both  a  transmitter  and  a 
receiver,  both  of  which  man  can  manipulate.  They  are 
called  "active"  services. 

Passive  frequency  use  is  most  vulnerable  for  pollu¬ 
tion.  This  is  particularly  true  for  the  radio  signals  rele¬ 
vant  for  scientific  research.  The  science  which  is  the 
best  example  of  passive  frequency  use  is  radio  astro¬ 
nomy.  By  its  extremely  sensitive  sensing  techniques  it 
enables  mankind  to  access  physical  conditions  in  the 
universe  which  are  impossible  to  attain  in  a  man-made 
laboratory.  Radio  astronomy  does  not  give  merely  a 
description  of  the  universe:  it  is  providing  tests  for  the 
laws  of  basic,  fundamental  physics.  The  results  of 
radio  astronomical  research  have  often  opened  new 
directions  in  other  sciences  and  technology.  This  ope¬ 
ning  of  new  perspectives  can  only  be  achieved  when 
certain  frequency  bands  are  100%  free  of  interference. 
These  bands  can  not  be  selected  at  will,  but  are  set  by 
Nature  itself. 

Radio  astronomical  signals  are  about  9  orders  of 
magnitude  weaker  than  those  used  by  active  services. 
This  difference  is  a  major  cause  of  the  vulnerability  of 
radio  astronomy  to  man-made  interference. 

This  interference  introduces  a  "radio-climate" 
with  parameters  depending  on  frequency,  transmitted 
power,  spatial  coordinates  and  time.  Furthermore,  this 
interference  can  be  either  intended  or  unintended,  legal 
or  illegal,  which  implies  that  the  problem  has  a 
dynamic  character.  To  answer  this,  a  dynamic  solution 
is  required,  which  needs  adequate  system  design  on 
the  one  hand  and  cooperation  with  administrations, 
active  spectrum  users  and  radio  astronomers  on  the 
other  hand.  The  different  characteristics  of  passive  and 
active  spectrum  use  implies  a  multidimensional 
regulatory  approach. 

The  radio  spectrum  is  scarce  natural  resource.  This 
implies  that  it  is  unavoidable  that  different  radiocom¬ 
munication  services  share  the  same  frequency  bands. 


To  enable  this,  complicated  coordination  work  is  often 
required.  The  fundamental  difference  between  active 
and  passive  services  implies  that,  unless  the  contrary 
has  been  proven  by  a  thorough  coordination  study,  in 
general  no  sharing  is  possible.  This  holds  especially 
for  radio  astronomy  with  respect  to  active  users  of  the 
spectrum. 

In  some  cases  sharing  might  be  possible  between 
terrestrial  applications  of  radio  and  radio  astronomy, 
e.g.  by  geographical  "shielding".  But  spacebome 
application  can  in  no  way  share  with  radio  astronomy, 
since  radio  telescopes  cannot  be  shielded  against 
spacebome  transmissions  [2], 

The  number  of  resolutions  adopted  World  Radio¬ 
communication  Conference  1997,  WRC97,  in  which 
studies  are  asked  to  investigate  this  problem  in 
various  frequency  bands  does  support  this  fact. 
Furthermore,  most  of  the  sharing  problems  radio 
astronomers  has  with  spacebome  transmissions  are  due 
to  the  fact  that  this  difficulty  was  not  understood 
adequately  during  previous  WRCs  and  World  Admini¬ 
strative  Radio  Conferences.  WARCs. 

3.  ISSUES  OF  THE  PAST  -  ISSUES  OF  THE 
FUTURE. 

In  the  past,  e.g.  more  than  a  decade  ago,  the  majority 
of  the  interference  issues  in  radio  astronomy  had  a 
terrestrial  origin:  e.g.  broadcasting,  military  applicati¬ 
ons,  civil  users  of  radio,  traffic  (one  of  the  many  EMC 
problems). 

However,  the  space  era  which  started  with  the 
launch  of  the  Russian  SPUTNIK  in  1957,  showed  an 
enormous  development  of  space  applications  of  radio. 
Administrations  and  terrestrial  radio  frequency  users 
had  to  change  their  minds:  terrestrial  applications  of 
radio  could  be  considered  in  a  relatively  local  context 
(possibly  coordination  with  a  neighbouring  country 
was  needed,  which  placed  the  issue  in  a  regional 
context),  but  space  applications  have  a  global  impact 
because  of  the  transmitters  fly  all  around  the  world 
(except  for  geostationary  stations)  and  the  footprints  of 
their  transmitters  cover  very  large  areas. 

Reference  documentation  of  the  Radiocommunicati¬ 
on  Sector  of  the  International  Telecommunication 
Union.  ITU.  addressing  protection  and  sharing  issues 
have  been  developed  mainly  before  the  space  applica¬ 
tions  became  mature  systems.  The  effort  to  adjust 
these  references  adequately  to  deal  properly  with  space 
issues  is  slowly  taking  shape  (apparently  too  slowly). 

This  implies  that  without  reducing  the  effort  to 
work  on  terrestrial  issues,  the  space  issues  became  of 
major  importance  as  can  be  learned  from  the  many 
interference  cases  radio  astronomy  experienced  of 
various  systems:  e.g.  GLONASS  [3],  ASTRA  [4], 
IRIDIUM  [5]  and  a  decade  ago  with  GEOSTAR  and 
LOCSTAR  [6],  New  systems  are  coming  which  also 
may  have  strong  impact  on  radio  astronomy  when  no 
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sufficient  precautions  are  taken. 

Another  development  concerns  the  application  of 
spread  spectrum  modulation  techniques.  Very  wide 
frequency  ranges  are  used  for  transmissions  using  this 
kind  of  modulation.  When  we  consider  that  only  the 
central  main  lobe  of  the  spectrum  carries  the  informa¬ 
tion.  the  sidelobes  manifest  first  order  spectrum 
pollution.  It  has  been  shown  that  [a]  this  is  another 
major  threat  to  radio  astronomy,  and  [b]  that  by 
applying  the  proper  modulation  schemes  much  can  be 
done  to  reduce  the  spectrum  pollution  [7],  It  has  also 
been  recognized  that  ITU-R  definitions  for  e.g. 
bandwidth,  spurious  and  out-of-band  emission  have  to 
be  readdressed.  Work  on  this  is  in  progress  in  ITU-R 
TGI -5. 

4.  THE  ROLE  OF  CRAF  IN  EUROPE. 

CRAF  acts  on  several  fronts  to  protect  the  Radio 
Astronomy  Service.  It  communicates  and  cooperates 
the  Conference  Europdenne  des  Postes  et  des 
Telecommunications,  CEPT,  and  its  off-shoot  the 
European  Radiocommunications  Office,  ERO,  to 
ensure  the  continued  good  management  of  the  radio 
spectrum.  It  participated  in  the  preparation  of  a 
European  Common  Allocation  Table  which  should 
come  into  force  in  the  year  2008. 

CRAF  participates  also  in  various  CEPT  SE 
project  teams: 

-  SE17  PT  concerning  the  compatibility  between  the 

MSS  uplink  and  other  radio  systems  in  the  1610- 
1626.5  MHz  band.  With  respect  to  radio  astronomy 
the  report  of  the  project  team  compared  the  requi¬ 
red  separation  distances  between  a  radio  astronomy 
observatory  and  a  Mobile  Earth  Station,  using 
different  propagation  models  taking  into  account  in- 
band  as  well  as  out-of-band  emission  from  the  MSS 
applications. 

-  SE21  PT  concerning  Spurious  Emissions. 

-  SE27  PT  concerning  Terrestrial  Digital  Video  Broad¬ 

casting.  T-DVB. 

-  SE28  PT  concerning  MSS  technical  standards,  opera¬ 

tions,  and  compatibility  issues  (such  as:  the 
protection  of  primary  services  sharing  the  band  or 
operating  in  adjacent  bands  (Radio  Astronomy, 
MSS,...)  and  the  protection  of  the  Radio  Astronomy 
Service  at  5  GHz  (second  harmonic  of  the  band 
2483.5-2500  MHz). 

-  FM  PT33  concerning  the  harmonization  of  frequency 

bands  above  105  GHz. 

CRAF  also  communicates  and  cooperates  with 
European  national  administrations  (both  civil  and 
military)  on  local  issues  with  impact  on  European 
radio  astronomy.  It  also  has  good  contacts  with  the 
European  Commission  and  NATO. 

In  addition.  CRAF  communicated  with  industry  and 
operators  in  cases  of  interference  problems:  e.g.  with 
the  Socidtd  Europdenne  des  Satellites  in  Luxemburg 


and  the  German  administration  to  solve  the  problem  of 
out-of-band  emission  from  the  GDL-6/ ASTRA- ID 
satellite  in  the  radio  astronomy  band  10.6  -  10.7  GHz. 
The  ASTRA  satellite  operating  in  the  Fixed  Satellite 
Service  at  frequencies  just  above  10.7  GHz,  causes 
harmful  interference  in  the  subband  10.69  -  10.7  GHz. 
The  band  10.6  -  10.7  GHz  is  heavily  used  by  Effels- 
berg  observatory  in  Germany. 

Finally  CRAF  draws  attention  in  various  publicati¬ 
ons  of  its  members  to  the  effects  of  man-made  interfe¬ 
rence  on  radio  astronomical  observations.  In  this 
context,  it  contributes  also  to  radio  and  TV  programs. 

5.  WHAT  HAS  BEEN  ACHIEVED? 

In  general,  CRAF  has  become  a  well-known  organiza¬ 
tion  in  Europe  which  addresses  the  issue  of  protection 
of  radio  astronomy  frequencies.  Often  administrations 
and  the  CEPT  keep  CRAF  informed  about  develop¬ 
ments  and  ask  for  advice. 

In  some  cases  a  frequency  band  could  be  safeguar¬ 
ded  for  radio  astronomy:  e.g.  CRAF  corresponded 
with  the  UK  Radiocommunications  Agency  concerning 
the  possible  use  of  television  channel  38  (608-614 
MHz).  As  a  result  channels  35  and  37  have  been 
allocated  to  television  transmitters  but  in  the  UK 
channel  38  is  being  kept  free  for  radio  astronomy. 

In  Italy,  CRAF  supported  Italian  radio  astronomers 
in  their  communication  with  the  Italian  administration. 
This  resulted  in  a  much  improved  relationship  between 
Italian  radio  astronomers  and  the  Italian  national 
administration.  Also  the  communication  with  the 
Italian  military  authorities  could  be  improved.  This 
development  resulted  in  activities  to  reduce  the  interfe¬ 
rence  to  radio  astronomy  in  Italy.  However,  many 
issues  still  await  a  solution  in  Italy,  especially  related 
to  private  TV-networks  which  made  it  impossible  to 
protect  channel  38  in  Italy.  Also  an  radar  interference 
issue  at  the  radio  observatory  near  Noto,  Sicily,  in  the 
1400-1427  MHz  hydrogen  line  band  (in  which  "all 
emissions  are  prohibited"  according  to  the  ITU-R 
Radio  Regulations)  awaits  a  solution. 

CRAF  acted  as  consultant  under  contract  in  an  ESA 
-  Oerlikon-Contraves  (Italy)  project  to  develop  filte¬ 
ring  techniques  to  protect  radio  astronomy  for  interfe¬ 
rence  from  cloud  radar  applications  at  94  GHz.  This 
resulted  in  the  development  of  a  bandstop  filter  with 
very  promising  characterictics  [8], 

CRAF  contributed  to  the  NATO-Committee  on  the 
Challenges  of  Modem  Society.  CCMS.  by  investiga¬ 
ting  the  possibilities  for  more  alert  administrative 
control  of  frequency  allocation  and  management,  and 
possibly  obtaining  international  judicial  support. 
Report  No.  213  on  "The  Passive  Use  of  the  Frequency 
Spectrum"  [9]  of  this  commission  is  a  result  of  this 
effort. 

The  Nangay  Radio  Observatory  in  France  maintains 
a  European  database  on  events  of  harmful  interference 
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suffered  by  European  radio  astronomy  observatories. 
Software  tools  are  presently  under  development  to 
query  this  database  from  the  CRAF  WWW  pages. 
Nangay  has  also  installed  a  dedicated  monitoring 
facility  to  serve  CRAF  with  adequate  experimental 
data. 

6.  NECESSARY  FURTHER  DEVELOPMENTS. 

Basically  two  items  need  to  be  addressed  in  the  near 
future: 

[i]  the  frequent  WRCs  (currently  with  2  year 
interval)  require  a  continuous  effort  and  monitoring  of 
related  regulatory  and  technological  developments.  To 
achieve  this,  radio  astronomers  need  to  update  their 
understanding  of  activities  in  other  services  continuou¬ 
sly  in  order  to  anticipate  further  developments. 

[ii]  the  increasing  commercialization  of  telecommu¬ 
nication  affects  also  the  strategy  of  the  ITU.  The 
power  of  the  market-perspective  implies  a  major  threat 
to  non-commercial  users  of  the  spectrum.  Non-com¬ 
mercial  users  of  radio,  radio  astronomy  in  particular, 
should  actively  cooperate  to  react  adequately  to  this 
"aggression".  Nobody  has  more  rights  in  the  radio 
spectrum  than  anyone  else.  This  "chapter"  in  effort 
coordination  should  become  better  developed. 

In  practice  this  means  that  the  understanding  of  the 
radio  climate  needs  to  be  improved.  For  that  reason 
the  CRAF  EMI  database  at  Nangay  Radio  Observatory 
will  be  a  useful  tool.  Joint  projects  of  radio  astrono¬ 
mers  and  other  spectrum  users  similar  to  the  cloud 
radar  project  mentioned  above  are  an  important 
activity  to  achieve  better  interference  protection  and 
mutual  understanding  between  different  spectrum 
users.  Many  problems  occur  because  of  insufficient 
mutual  understanding. 

Of  course  actions  to  solve  specific  issues  remain  to 
take  place,  but  an  open  eye  to  future  developments 
requires  flexibility,  coherence  in  opinion  among  radio 
astronomers,  and  an  assertive  attitude.  To  assist, 
CRAF  is  considering  preparing  a  handbook  explaining 
the  nature  of  frequency  management,  the  role  of 
regulatory  bodies  and  the  legal  status  of  their  products 
and  a  guide  with  recommendations  for  solving  pro¬ 
blems. 

However,  all  these  efforts  only  take  place  in  the 
prevailing  regulatory  and  legal  framework. 

7.  IMPROVEMENTS  OF  THE  REGULATORY 
METHODOLOGY  NEEDED. 

The  principles  of  frequency  allocation  are  laid  down  in 
the  1947  Atlantic  City  WARC  of  the  ITU.  To  appreci¬ 
ate  the  mechanism  and  the  results  of  these  meetings  an 
insight  in  the  history  of  the  ITU  is  very  helpful  [10], 
The  purpose  of  the  ITU  is  based  on  the  following 
principles: 

International  cooperation  for  the  improvement  and 


the  rational  use  of  telecommunications  of  all  kind, 
promotion  of  the  technical  facilities  and  harmonization 
of  actions  of  nations. 

With  respect  to  the  frequency  allocation  this  means: 
Allocation  of  radio  frequencies  and  registration  of 
frequency  assignments  in  order  to  avoid  harmful 
interference  between  radio  stations  of  different  coun¬ 
tries.  and  to  coordinate  efforts  to  eliminate  harmful 
interference  between  radio  stations  of  different  coun¬ 
tries  and  to  improve  the  use  made  of  the  radiospec¬ 
trum. 

The  changing  "radio  climate"  (see  above),  the 
current  modem  technological  developments,  improved 
scientific  understanding  of  radio  wave  propagation  and 
changes  in  social  interests,  imply  that  the  regulatory 
effort  is  of  a  "multi-dimensional"  nature.  In  allocating 
use  of  radio  frequencies  one  has  to  consider  more  than 
in  the  past  in  this  regulatory  process,  geographical 
conditions,  the  use  of  time-slots  and  the  allocation  of 
transmitter  power  levels  (maximum/minimum/opera- 
tional).  This  further  elaboration  obviously  depends 
completely  on  the  considered  radiocommunication 
service.  The  ITU  needs  to  initiate  and  direct  the 
development  of  adequate  regulation  methodology 
suited  for  today's  conditions  taking  into  accounts 
trends  or  future  developments.  This  activity  should  be 
a  combined  effort  of  ITU-T  and  ITU-R.  We  note  that 
in  this  case  the  ITU  can  already  profit  from  the  work 
started  in  Europe.  The  current  regulatory  effort  is,  in 
our  opinion,  not  suited  to  respond  to  "overall  develop¬ 
ment".  it  is  too  much  limited  to  a  simple  dividing-a- 
cake-into-slices-procedure  in  which  everyone  likes  to 
have  the  most  tasty  piece.  This  methodology  may 
work  in  many  cases,  but  in  others  it  holds  at  its  root  a 
conflict  when  frequency  sharing  between  e.g.  active 
and  passive  services  is  required  without  adequate 
physical  understanding  and  technological  means  to 
ensure  whether  this  sharing  is  indeed  possible.  An 
example  is  the  current  sharing  difficulty  in  between 
active  and  passive  services  in  the  1.6  GHz  frequency 
domain:  allocations  space-to-Earth  have  been  given  to 
the  mobile-satellite  service  (although  on  a  secondary 
basis)  while  a  passive  primary  service  (radio  astrono¬ 
my)  for  which  the  frequency  of  interest  is  given  by 
Nature  cannot  be  protected  properly  yet.  The  WRC-97, 
recognizing  this  kind  of  problem,  did  adopt  some 
resolutions  and  footnotes  to  deal  with  the  protection  of 
radio  astronomy,  but  until  now  this  kind  of  action  is 
too  much  an  ad-hoc  fix  of  a  problem:  it  is  not  a 
structural  aspect  inherent  to  the  overall  allocation 
methodology  of  the  ITU.  Scientific  users  of  radio 
experience  a  one-sided  openness  of  the  ITU  for 
commercial,  financial  and  industrial  interests.  This  is 
enhanced  by  the  "first  strategic  objective"  for  the  ITU 
Standardization  Sector:  "adopting  a  market-oriented 
approach  to  standardization".  If  primarily  commercial 
interests  lead  the  interests  of  standardization,  this  will 
have  enormous  consequencies  for  the  work  of  ITU-R 
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(note  the  emphasis  on  "market"):  in  this  case,  the 
"standard"  restricts  regulation.  [11] 

9.  CONCLUSIONS 

The  radio  spectrum  is  a  unique  natural  phenomenon. 
Active  and  passive  frequency  use  have  always  been 
closely  associated.  In  daily  practice,  active  and  passive 
services  find  themselves  more  in  competition  than 
cooperation.  Mutual  cooperation,  however,  is  mandato¬ 
ry  for  the  survival  of  vulnerable  frequency  use.  This 
may  result  in  joint  technological  developments  and  in 
agreements  with  the  status  of  international  law. 

On  the  other  hand  the  technical  progress  in  both 
kinds  of  services  is  of  mutual  interest  and  benefit.  It 
may  help  to  find  ways  to  escape  the  more  and  more 
pressing  interference  problems  which  is  acute  not  only 
for  radio  astronomy  but  a  fact  of  life  for  all  applicati¬ 
ons  of  radio. 

CRAF  is  contributing  in  a  constructive  manner  to 
improve  this  cooperation  and  to  stimulate  this  techno¬ 
logical  development.  Although  in  other  parts  of  the 
world  organizations  with  similar  interest  operate  at  a 
local,  regional  or  global  scale,  during  the  10  years  of 
its  existence  CRAF  turned  out  to  be  the  most  producti¬ 
ve  one.  The  strong  support  of  the  ESF  enables  CRAF 
to  address  all  upcoming  issues  in  an  assertive  and 
flexible  way. 

CRAF  started  from  scratch  a  decade  ago.  After  a 
decade  with  restauration  efforts  and  consolidation, 
CRAF  has  now  entered  an  phase  of  cooperation  with 
all  interested  parties.  The  aim  is  to  live  together  in 
telecommunication  country  after  2050  or  later.  This 
can  only  be  achieved  when  the  radio  windows  are 
properly  clean  [12], 
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The  radio  bands  at  frequencies  above  60  GHz  have  prop¬ 
erties  which  make  this  region  of  the  electromagnetic 
spectrum  quite  different  from  the  region  at  lower  fre¬ 
quencies.  This  is  the  transition  region  to  the  infrared 
spectral  parts  and  the  absorption  by  the  atmosphere  is  a 
complicated  function  of  frequency  and  is  very  high  in 
some  frequency  bands.  The  passive  radio  service,  Radio 
Astronomy  (RAS),  has  enjoyed  relatively  interference- 
free  access  to  the  millimetre-wave  range  for  three  dec¬ 
ades.  This  situation  will  not  last  much  longer.  There  are 
plans  for  many  active  services  in  this  part  of  the  radio 
spectrum,  as  for  example  a  satellite-borne  cloud  radar 
and  several  commercial  satellite  systems.  The  present 
paper  discusses  the  uniqueness  of  the  millimetre-wave 
region  for  astronomy  and  points  out  possible  methods  to 
help  reducing  the  impact  of  interference  from  the  active 
services. 

1 .  UNIQUENESS  OF  THE  MILLIMETRE- WAVE 
REGION 

Natural  radiation  in  the  millimetre-wave  region  carries 
information  about  the  cold  parts  of  the  universe.  It  en¬ 
ables  us  to  map  interstellar  dust  clouds  through  their 
thermal  Planck  radiation  and  it  contains  spectral  lines  of 
a  multitude  of  molecules  inside  such  clouds  from  which 
stars  are  formed.  By  analysing  such  lines  astronomers 
can  deduce  the  physical  properties  of  the  molecular 
cloud  medium.  Also  a  new  branch  of  astronomy  has 
arisen  due  to  the  molecular  lines:  Astrochemistry.  No 
other  wavelength  range  of  the  electromagnetic  spectrum 
can  give  us  the  same  information  about  the  chemistry 
inside  cold  interstellar  molecular  clouds. 

Recently  millimetre-wave  astronomy  has  also 
proven  to  be  an  invaluable  tool  in  observational  cosmo¬ 
logy  -  a  science  which  deals  with  the  large-scale  struc¬ 
ture  of  the  universe  and  its  evolution  in  time.  Due  to 
the  expansion  of  the  universe,  distant  galaxies  seem  to 
be  receding  from  us  with  velocities  which  are  propor¬ 
tional  to  their  distances.  This  has  been  proven  at  optical 
and  at  centimetre  wavelengths  by  measurements  of  the 
increase  of  the  wavelength  of  radiation  from  distant  gal¬ 
axies.  This  so  called  ‘redshift’  phenomenon  is  one  of 
the  most  important  instruments  in  observational  cos¬ 
mology.  Redshifted,  i.e.  ‘frequency-decreased’,  line 
emission  from  carbon  monoxide  and  from  several  other 
species  has  been  detected  from  many  distant  galaxies. 
This  fact  has  given  us  the  possibility  to  study  the  mo¬ 


lecular  content  and  star  formation  rates  of  galaxies  in 
the  early  universe.  Millimetre-wave  astronomy  might 
thus  turn  out  to  be  the  most  sensitive  technique  to  study 
matter  close  to  the  limit  of  the  observable  universe. 

The  faint  echo  from  the  creation  of  the  universe  (the 
Big  Bang)  is  detectable  as  an  omnidirectional  blackbody 
radiation  at  a  temperature  of  3  K.  This  Cosmic  Back¬ 
ground  Radiation  can  be  studied  with  great  accuracy  at 
a  wavelength  of  about  2  mm.  Small  deviations  from 
isotropy  in  this  emission  gives  information  about  crea¬ 
tion  of  matter  when  the  universe  was  very  young. 

Millimetre-wave  astronomy  delivers  new  knowledge 
about  celestial  objects  from  comets  and  planetary  at¬ 
mospheres  in  our  solar  system  to  the  most  distant  galax¬ 
ies  at  the  dawn  of  the  universe. 

2.  EMISSION  AND  ABSORPTION  OF  THE 
ATMOSPHERE 

The  species  dominating  the  emission  and  absorption  of 
microwave  radiation  in  the  terrestrial  atmosphere  are 
water  vapour  (H20),  oxygen  (02),  and  nitrogen  (N2). 
Scattering  by  aerosols  generally  can  be  neglected  for 
these  frequencies.  The  resulting  microwave  transmis¬ 
sion  is  characterised  by  some  20  strong  spectral  lines 
superimposed  on  a  continuum. 


Fig.  1  The  atmospheric  transmission  for  two  values  of  water 
vapour  abundance  (4  and  1  mm).  Absorption  lines  of  oxygen 
and  water  vapour  divide  the  spectrum  into  several 
‘atmospheric  windows’. 
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Figure  1  depicts  a  model  of  the  atmospheric  trans¬ 
mission  for  two  values  of  precipitable  water  vapour  (4 
and  1  mm).  4  mm  of  water  vapour  is  a  good  value  for 
sea-level  conditions  and  1  mm  water  vapour  only  occurs 
at  high  altitudes.  The  atmosphere  divides  the  spectrum 
into  several  ‘windows’  due  to  absorption  lines  of  oxy¬ 
gen  and  water.  The  windows  at  frequencies  higher  than 
about  500  GHz  ‘open  up’  only  at  high-altitude  sites. 

3.  THE  NEED  FOR  BROAD-BAND  FREQUENCY 
PROTECTION 

Although  ITU  allocations  to  the  RAS  have  been  made 
for  some  of  the  stronger  spectral  lines  this  limited  pro¬ 
tection  will  not  be  sufficient  in  the  future. 

The  justification  for  this  statement  is  based  on  recent 
discoveries.  The  millimetre-wave  spectral  lines  from 
distant  galaxies  mentioned  above  can  appear  in  any  part 
of  the  atmospheric  windows,  depending  on  the  exact 
redshift.  Furthermore  the  continuum  emission  from 
dust  in  these  objects  and  in  our  own  Galaxy  can  be  de¬ 
tected  using  wide-band  bolometer  detectors  which  for 
the  highest  sensitivity  utilise  a  whole  atmospheric  win¬ 
dow. 

Also  modern  mixer  receivers  use  so  called  Super¬ 
conductor  -  Insulator  -  Superconductor  (SIS)  mixers 
which  are  extremely  sensitive  and  inherently  broad¬ 
band.  This  fact,  in  combination  with  the  fact  that  filters 
with  high  Q-factors  and  low  insertion  losses  have  not 
yet  been  designed,  makes  it  extremely  difficult  for  the 
RAS  to  share  mm-wave  bands  with  active  radio  services 
or  even  to  operate  in  bands  adjacent  to  active  services. 

4.  POSSIBLE  SOLUTIONS 

4.1  Limits  for  harmful  interference 

ITU  has  defined  the  limit  for  ‘harmful  interference’ 
for  the  RAS  in  its  recommendation  ITU-R  RA.769-1. 
For  the  mm-wave  range  the  spectral  power  density 
threshold  for  a  radio  telescope  operating  alone  (as  op¬ 
posed  to  a  radio  interferometer  consisting  of  many  tele¬ 
scopes)  varies  in  the  range  -213  to  -222  dBWm'2  Hz'1. 
This  might  be  regarded  as  a  very  low  value,  but  one 
should  keep  in  mind  that  it  is  no  problem  whatsoever 
for  modem  radio  astronomy  equipment  to  detect  such 
weak  signals.  One  should  be  aware  also  of  the  fact  that 
these  limits  are  referred  to  an  antenna  with  isotropic 
gain.  For  a  typical  radio  telescope  this  gain  is  reached 
at  about  19°  from  the  main  beam.  Therefore,  it  is  quite 
possible  to  encounter  interfering  signals  several  degrees 
of  magnitude  stronger  than  the  above  mentioned  limits 
but  still  fulfilling  the  ITU  recommendation. 

4.2  Ground-based  transmitters 

4.2. 1  The  classical  method  to  distribute  radio  resources 
is  to  divide  the  electromagnetic  spectrum  into  bands  of 
varying  width.  This  method  becomes  increasingly  un¬ 
realistic  with  increasing  frequency,  because  the  re¬ 


quirements  on  filters  (Q  factors,  insertion  loss)  often 
exceed  present-day  technical  feasibility.  Whereas  re¬ 
search  and  development  in  this  area  deserve  high 
priority,  it  is  reasonable  to  propose  a  more  cautious  way 
of  applying  this  classical  frequency  allocation  method 
in  the  near  future.  There  are  at  present  several  cases  of 
unfortunate  (for  RAS)  allocations  in  the  mm-wave 
range.  One  of  the  worst  cases  is  an  allocation  to  the 
Broadcasting  Satellite  service  from  84  to  86  GHz  adja¬ 
cent  to  the  very  important  RAS  band  from  86  to  92 
GHz.  Fortunately  this  service  is  not  yet  in  operation. 

From  the  viewpoint  of  the  RAS  it  would  be  desir¬ 
able  to  get  access  to  comparatively  broad  bands  close  to 
the  centres  of  the  main  atmospheric  windows.  These 
bands  should  be  surrounded  by  ‘guard  bands’  in  which 
no  space-bome  services  should  be  allowed.  In  addition, 
narrower  bands  centred  on  the  rest  frequencies  of  the 
main  oxygen  and  water  vapour  lines  should  be  set  aside 
to  the  RAS  for  future  space-borne  observations  of  these 
molecules  in  outer  space. 

4.2.2  Instead  of  the  classical  way  of  dividing  up  the 
electromagnetic  spectrum  into  bands  one  should,  in  ad¬ 
dition,  consider  a  geographical  protection  of  mm-wave 
observatories.  Such  establishments  are  often  situated  in 
remote  areas  on  high  mountains  in  order  to  minimize 
the  water  vapour  above  them.  Therefore  it  should  be 
possible  to  create  Quiet  Zones  around  such  observato¬ 
ries  inside  of  which  all  ground-based  emissions  should 
be  forbidden. 


Fig.  2  The  total  atmospheric  transmission  for  a  signal  trans¬ 
mitted  at  sea  level  at  a  distance  of  10,  50,  100,  and  200  km 
from  a  mm-wave  observatory  at  an  altitude  of  4000  m.  The 
relative  humidity  is  assumed  to  be  30%  at  sea  level  and  the 
water  vapour  mixing  ratio  to  vary  exponentially.  The  US 
Standard  Atmosphere  is  assumed 

The  atmosphere  is  an  efficient  protective  medium  at 
mm-wavelenths.  Figure  2  shows  the  atmospheric  trans¬ 
mission  (excluding  the  1/r2  dependence)  for  a  signal 
transmitted  at  sea  level  at  various  distances  (10,  50,  100, 
and  200  km)  from  an  observatory  at  a  mountain  top 
with  an  altitude  of  4000  m.  The  relative  humidity  at  sea 
level  is  taken  to  be  30%  with  an  exponential  variation 
with  altitude.  The  attenuation  exceeds  1 00  dB  for  a 
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signal  transmitted  at  200  km  distance  for  frequencies 
higher  than  about  170  GHz,  even  when  neglecting  the 
strong  spectral  lines  of  oxygen  and  water  vapour.  The 
corresponding  limiting  frequencies  for  the  other  dis¬ 
tances  are  300  GHz  for  100  km,  355  GHz  for  50  km, 
and  490  GHz  for  10  km.  The  geometrical  dilution  of 
the  signal  of  course  improves  the  situation.  These  con¬ 
siderations  could  be  taken  into  account  when  planning 
future  Quiet  Zones  surrounding  mm-wave  observato¬ 
ries.  The  establishment  of  such  Quiet  Zones  would  fall 
under  the  jurisdiction  of  the  country  in  which  the  obser¬ 
vatory  is  situated  (and  possibly  neighbouring  countries), 
further  simplifying  the  process. 

4.3  Spa'ce-bome  transmitters 

Space-bome  radio  services  of  many  kinds,  e.g.  naviga¬ 
tion,  broadcasting,  and  communication,  are  becoming 
more  and  more  common.  Emissions  from  such  satellite 
transmitters  constitute  a  much  more  serious  threat  to  the 
RAS  than  ground-based  transmitters,  because  neither 
the  topography  nor  Quiet  Zones  around  the  observatory 
can  protect  from  interference. 

4.3.1  There  are  essentially  two  types  of  satellite  orbits: 
geo-synchronous  (GSO)  and  low-earth  orbit  (LEO). 
For  GSO-type  satellites  it  should  be  possible  in  most 
cases  to  avoid  illuminating  radio  astronomy  observato¬ 
ries  in  remote  areas.  Thus,  the  idea  of  Quiet  Zones 
could  be  implemented  also  in  this  case  albeit  in  a  very 
different  way.  However,  in  the  case  of  LEO-type  satel¬ 
lites  such  a  simple  scheme  is  not  possible. 

Most  existing  and  all  planned  LEO  satellite  systems, 
however,  are  and  will  be  equipped  with  accurate  navi¬ 
gational  instruments  so  that  the  position  of  every  indi¬ 
vidual  satellite  is  known  at  any  given  moment.  There¬ 
fore  such  systems  can  be  designed  to  switch  off  the 
transmitter  whenever  the  satellite  is  above  an  observa¬ 
tory.  This  will,  for  example,  be  the  case  for  the  planned 
ESA  cloud  radar  satellite  operating  at  94  GHz.  In  this 
way  it  should  be  possible  to  create  yet  another  type  of 
Quiet  Zones  around  remotely  situated  mm-wave  obser¬ 
vatories. 

4.3.2  Some  LEO-type  systems  might  allow  time  sharing 
with  the  RAS  if  the  transmitters  operate  in  a  time-syn¬ 
chronized  'burst  mode’.  Although  less  attractive  from 
the  viewpoint  of  radio  astronomy  it  certainly  offers  a 
solution  in  some  cases. 

4.3.3  This  paper  has  so  far  discussed  the  coordination 
problem  with  active  radio  services  in  terms  of  restric¬ 
tions  and  concessions  on  the  part  of  the  active  services. 
Surely  this  is  unavoidable,  since  we  are  dealing  with  a 
passive  service  (which  by  definition  cannot  interfere!) 


and  active  services  producing  signals  vastly  stronger 
than  the  signals  detected  by  the  passive  service. 

However,  radio  astronomers  have  to  adapt  their 
techniques  to  a  changing  world,  in  which  the  radio 
spectrum  becomes  increasingly  used  for  the  benefit  and 
convenience  of  modem  society.  There  are  two  areas  in 
which  such  adaptation  is  possible.  Development  of  fil¬ 
ter  technology  for  mm-waves  has  been  mentioned  al¬ 
ready.  Such  technical  development  has  started  only 
recently  and  it  is  very  uncertain  whether  it  will  lead  to 
practical  results.  The  other  area  of  adaptation  lies  in 
radio  telescope  design.  Radio  astronomers  are  inter¬ 
ested  in  getting  high  angular  resolution.  Radio  tele¬ 
scope  reflectors  therefore  are  illuminated  with  this  goal 
in  mind  which  inevitably  creates  higher  side  lobes  than 
for  a  less  efficient  illumination.  In  addition,  off-axis 
designs  may  get  a  greater  attention. 

5.  CONCLUSIONS 

Millimetre-wave  astronomy  is  a  field  of  astronomy 
based  on  front-line  techniques,  delivering  new  knowl¬ 
edge  of  the  universe,  and  offering  a  great  potential  for 
the  future.  It  has  operated  for  30  years  without  any  se¬ 
rious  hampering  from  man-made  interference.  This 
situation  will  not  last  much  longer  because  several  ac¬ 
tive  radio  services  are  being  planned  and  prepared  for 
the  mm-wave  region.  It  will  be  a  complicated  task  to 
coordinate  these  active  services  with  the  RAS.  Such 
coordination  will  have  to  be  made  in  a  way  which  devi¬ 
ates  from  the  traditional  way  of  just  dividing  the  radio 
spectrum  into  allocation  bands.  Quiet  Zones  around 
remotely  situated  mm-wave  observatories  should  be 
established  to  protect  from  ground-based  interference. 
This  does  not  need  the  involvement  of  the  ITU.  Some 
important  frequency  bands,  however,  still  need  the  full 
traditional  protection  but  they  should  not  be  adjacent  to 
active  satellite  services.  The  possibility  of  switching  off 
the  transmitters  of  LEO-type  satellite  services,  when¬ 
ever  a  satellite  is  above  a  mm-wave  observatory,  should 
be  studied.  The  RAS  itself,  however,  has  to  adapt  to  a 
changing  radio  world.  Technical  research  and  devel¬ 
opment  in  the  fields  of  filter  and  telescope  design  has  to 
be  intensified. 
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Radiowave  propagation  plays  an  important  role  in 
spectrum  planning.  The  paper  gives  an  overview  of  the 
relevant  propagation  effects  and  models.  Emphasis  is 
given  to  planning  tools  being  developed  for  broadband 
millimetrewave  cellular  services. 

1 .  INTRODUCTION 

Radiowave  propagation  plays  an  important  role  in 
radio  frequency  assignment  and  spectrum  planning. 
Indeed  interference  between  radio  systems  is  the  reason 
that  frequency  assignment  is  required  at  all,  and  the 
magnitude  of  the  interference  problem  is  strongly 
determined  by  the  radiowave  propagation  between  the 
radio  systems. 

The  market  requirement  for  higher  data  rate  services 
is  forcing  the  pace  for  the  adoption  of  millimetric 
frequencies  in  fixed  link  and  point-to-multipoint 
applications,  and  these  frequencies  are  even  under 
consideration  for  mobile  broadband  services.  The 
effects  of  the  atmosphere  and  terrain  features  on  the 
propagation  of  radiowaves  are  very  different  at  these 
frequencies  than  at  UHF  and  the  lower  microwave 
frequencies. 

This  paper  discusses  the  important  propagation 
mechanisms  and  how  these  are  modelled.  For 
illustration  purposes,  it  will  be  convenient  to  concentrate 
on  cellular  services.  At  the  lower  (UHF)  end  of  the 
spectrum  lie  the  traditional  mobile  and  personal 
communication  cellular  services,  while  at  the  higher 
(millimetrewave)  end,  broadband  cellular  access 
systems  are  being  planned  above  40  GHz. 

The  reader  is  referred  to  the  radiowave  propagation 
literature  for  a  more  detailed  discussion  of  the 
propagation  issues.  A  recent  general  text  is  [1],  while 
prediction  tools  and  decision  aids  are  discussed  in  [2]. 

2.  PROPAGATION  EFFECTS 
2. 1 .  System  model 

Fig  1  shows  a  simplified  model  of  a  radio  network. 
The  Ti  represent  radio  transmitters,  and  the  Pj  the 
propagation  channels  between  the  transmitters  and  a 


receiver.  The  suffix  0  is  used  to  represent  the  “wanted” 
transmitter,  while  the  suffices  1,2, ,  N  represent 
“unwanted”  or  interfering  transmitters.  These  unwanted 
transmissions  may  be  co-channel  or  adjacent  channel  to 


Fig  1 :  Simple  model  of  a  radio  network 


In  this  simple  picture,  the  receiver  antenna  sums 
together  in  X  the  wanted  and  unwanted  transmissions 
and  the  receiver’s  detection  circuitry  outputs  (an 
approximation  to)  the  reconstructed  signal  transmitted 
by  T().  What  is  required  in  spectrum  planning  tools,  of 
course,  is  not  the  signal  itself,  but  some  indication  of  the 
quality  of  service  as  shown  in  Fig  1. 

The  determination  of  a  suitable  quality  of  service 
measure  depends  on  many  systems  issues  apart  from 
propagation,  and  a  full  discussion  is  outside  the  scope  of 
this  paper.  For  digital  systems,  the  ratio  of  carrier  to 
noise  powers  is  a  useful  criterion  when  interference  is 
negligible;  when  interference  is  important  and  the 
interference  is  incoherent  (noise-like)  the  carrier  to 
interference  plus  noise  ratio,  C/(I+N),  is  used.  Lower 
system  noise  figures,  and  the  drive  to  greater  spectrum 
occupancy  (maximising  spectrum  efficiency)  has  led  to  a 
desire  to  design  networks  to  operate  in  the  interference- 
limited  regime. 

Although  “higher  level”  indicators  of  quality  of 
service  (such  as  bit,  frame  or  cell  error  rates)  are  often 
used,  the  C/(I+N)  ratio  is  a  simple  and  adequate 
indicator  for  frequency  assignment  modelling. 
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Note  that  the  way  in  which  the  signals  are  combined 
at  the  receiver  in  £  depends  on  system  parameters  (such 
as  antenna  beamwidths  and  polarisation). 

We  now  consider  the  effects  that  need  to  be  included 
in  the  propagation  blocks  Pj  in  Fig  1.  The  propagation 
mechanisms  that  give  rise  to  these  effects,  and  the  way 
in  which  they  are  modelled,  are  discussed  in  the  next 
section. 

2.2.  Attenuation 

The  power  of  the  received  signals  will  be  much  less 
than  that  of  the  transmitted  signals.  The  main  cause  is  of 
course  the  tree-space  spherical  spreading  of  the 
electromagnetic  waves,  giving  rise  to  an  inverse  distance 
squared  reduction  in  power.  However,  the  non-free 
space  propagation  environment  strongly  modifies  this 
path  length  dependence. 

The  propagation  medium  itself  (the  atmosphere)  can 
give  rise  to  excess  attenuation  (absorption  by 
atmospheric  gases  and  absorption  and  scatter  by  rain 
and  other  hydrometeors)  and  reduced  attenuation 
(retractive  focusing  and  trapping  by  atmospheric  layers). 
The  surface  of  the  Earth  can  also  strongly  affect  the 
signal  (reflections  from  the  surface,  diffractive  losses 
due  to  path  obstruction,  absorption  and  scatter  by 
surface  clutter  such  as  trees  and  buildings). 

Since  the  relative  strengths  of  the  wanted  and 
unwanted  signals  is  the  main  determining  factor  in  the 
quality  of  service  estimation,  the  modelling  of 
attenuation  is  the  most  important  component  in  the  Pj. 

2.3.  Delay 

The  finite  speed  of  propagation  means  that  the  signal 
suffers  a  delay  between  transmission  and  reception.  The 
delay  is  determined  by  the  “optical”  path  length  between 
transmitter  and  receiver:  this  is  slightly  longer  than  the 
physical  path  length,  and  variable  in  time,  due  to  the 
refractive  index  of  the  propagation  medium.  However, 
the  absolute  delay  is  not  really  an  issue  for  frequency 
assignment  models.  The  important  thing  is  the  relative 
delay  between  the  different  Pj.  Generally,  the  P,  will 
have  sufficiently  different  delays  that  the  received 
signals  are  uncorrelated.  For  digital  systems  this  means 
that  the  powers  (rather  than  the  amplitudes)  of  the 
interfering  signals  can  simply  be  added  to  each  other 
and  to  the  system  noise  in  determining  their  effects  on 
the  system. 

2.4.  Multipath 

The  Pj  do  not  necessarily  represent  a  single 
propagation  path  between  transmitter  and  receiver. 
Obstructions  (such  as  buildings  and  the  ground)  can 
cause  reflections  that  add  to  the  direct  signal  (see  Fig  2). 
These  added  “multipath”  signals  will  have  different 
amplitudes  and  delays  from  each  other. 


Fig  2:  Illustration  of  diffraction,  reflection  and  multipath 
in  an  urban  environment 


Unlike  the  signals  from  different  transmitters,  these 
multipath  signals  will  be  highly  correlated  (because  of 
the  common  signal  source  and  the  small  relative  path 
delays),  and  will  interfere  with  each  other  coherently. 
The  effect  will  be  to  give  rise  to  a  received  signal  whose 
amplitude  varies  with  time  and  across  the  bandwidth  of 
the  signal. 

Multipath  can  also  be  caused  by  reflection  and 
refraction  by  atmospheric  layers.  The  effects  of 
atmospheric  multipath  on  the  received  signal  are  similar 
but  occur  less  frequently.  Atmospheric  multipath  is 
important  on  long  fixed  link  paths,  but  is  of  minor 
consideration  for  cellular  systems. 

It  is  a  convenient  approximation  to  represent 
multipath  as  a  block  within  the  propagation  channel  Pj. 
In  practice,  the  significance  of  multipath  depends  on 
such  system  parameters  as  the  receiver  antenna 
beamwidth  (narrower  beamwidths  reducing  the 
importance  of  secondary  paths).  If  these  effects  are  to  be 
taken  fully  into  account  the  model  of  Fig  1  could  be 
extended  by  including  a  separate  P,  for  each  propagation 
path  and  extending  the  summation  £  to  include  these. 

2.5.  Dispersion 

This  is  the  etfect  on  the  signal  of  the  frequency 
dependence  of  the  propagation  channel.  If  the  frequency 
dependence  is  small  within  the  signal  bandwidth,  the 
channel  is  referred  to  as  “fiat”,  whereas  if  the  effect  is 
large,  the  channel  is  referred  to  as  “frequency  selective”. 
Narrowband  systems  will  be  less  affected  than 
broadband  systems.  Intrinsically,  most  propagation 
mechanisms  produce  little  dispersion.  One  unavoidable 
source  of  dispersion  is  multipath,  and  this  can  be 
significant.  However,  systems  that  operate  in  a  strongly 
multipath  environment  (such  as  GSM)  have  been 
designed  with  countermeasures  against  these  effects. 

2.6.  Independence 

A  further  simplification  in  Fig  1  is  that  the  different 
Pj  are  assumed  to  be  independent.  This  assumption 
depends  on  the  type  of  model  used  to  represent  the  Pj.  In 
a  statistical  model,  the  amplitude  variation  within 
different  Pj  may  not  be  statistically  independent;  for 
example  the  statistics  of  rain  fading  are  highly  correlated 
on  neighbouring  paths.  This  can  be  a  significant  issue  in 
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network  design,  especially  when  diversity  is  used  as  a 
countermeasure  against  propagation  degradations. 

2.7.  Time  variability 

Most  propagation  impairments  are  time  variable. 
The  timescales  to  be  modelled  range  from  micro-  or 
milliseconds  for  mobile  radio  networks  where  the 
movement  of  the  transmitters  and  receivers  are  the 
prime  cause,  to  variations  on  the  scale  of  minutes  or 
days  where  atmospheric  effects  dependent  on  the 
weather  are  concerned.  This  time  variability  can  be 
modelled  in  various  ways,  but  for  network  planning, 
statistical  models  are  usually  used. 

3.  PROPAGATION  MECHANISMS  AND  MODELS 

3. 1 .  Types  of  propagation  models 

In  principle,  a  model  for  any  electromagnetic  wave 
propagation  problem  is  provided  by  a  solution  of 
Maxwell’s  equations.  Such  a  model  is  deterministic  in 
the  sense  that  if  the  propagation  medium  is  characterised 
exactly,  the  solution  would  also  be  an  exact  description 
of  the  propagation  conditions  at  the  given  time. 

In  practice,  approximations  and  simplifications  are 
required,  and  different  methodologies  are  required  for 
different  propagation  mechanisms  and  frequencies.  Both 
analytical  and  numerical  solutions  are  used. 
Deterministic  models  are  particularly  relevant  when  a 
prediction  of  the  performance  of  a  specific  system  is 
required  at  a  specific  location  and  time.  Of  course,  the 
accuracy  of  the  prediction  critically  depends  on  the 
fidelity  of  the  real-time  environmental  data  available; 
the  (lack  of)  availability  of  such  data  is  a  serious 
constraint  on  the  usefulness  of  deterministic  models. 

For  network  design  applications,  predictions  for  a 
specific  time  are  not  appropriate,  and  the  time- 
variability  of  the  propagation  environment  must  be  taken 
account  of  in  a  statistical  manner,  based  on  historical 
data.  Most  of  the  established  methods  for  calculating  the 
availability  or  outage  of  a  radio  link  are  empirical  or 
semi-empirical,  based  on  the  underlying  physical 
mechanisms,  but  taking  account  of  a  statistical  nature  of 
the  environment.  (See,  for  example,  [3].) 

3.2.  Clear-air  atmosphere 

“Clear  air”  refers  to  those  aspects  of  the  Earth’s 
troposphere  (the  lower  atmosphere)  that  are  due  to  its 
gaseous  constituents,  and  excludes  clouds,  rain,  etc. 
Electromagnetic  waves  are  refracted  and  scattered  by 
variations  in  the  radio  refractive  index  n.  The  value  of  n 
is  determined  by  the  molecular  constituents  of  the  air, 
and  can  be  expressed  in  terms  of  the  meteorological 
quantities  pressure,  temperature,  and  water  vapour 
pressure. 

Certain  weather  conditions  give  rise  to  strong 
gradients  of  temperature  and  water  vapour,  and  these 
can  cause  “anomalous”  propagation.  The  most 
significant  impact  on  frequency  assignment  is  the 


increased  risk  of  interference  due  to  the  over-the  horizon 
ranges  of  transmissions  at  certain  times  due  to  radio 
ducting.  Atmospheric  subsidence  and  advection  can 
produce  ducting  on  the  mesoscale,  while  nocturnal 
inversions  can  be  of  localised  significance  on  land  paths. 
On  overwater  paths  the  low  lying  evaporation  duct  has 
dominant  effect  on  near-surface  propagation.  Much 
work  has  gone  into  measuring  and  modelling  the  effects 
of  ducting,  and  deterministic  and  statistical  models  are 
available  (see  for  example  [3],  Rec  P.452-7).  The  effects 
of  refraction  and  ducting  are  strongest  at  UHF  and 
microwave  frequencies. 

Significant  attenuation  caused  by  gaseous  absorption 
is  limited  to  specific,  narrow  frequency  bands  (for 
example,  water  vapour  absorption  at  22  GHz  and 
oxygen  absorption  at  60  GHz).  At  these  frequencies,  the 
effects  can  be  extremely  severe.  For  example  the 
absorption  rate  at  60  GHz  exceeds  lOdB/km;  note  that 
the  reduction  in  received  signal  power  due  to  any 
absorption  mechanism  depends  exponentially  on  the 
path  length  through  the  medium.  However,  for  most 
frequencies  of  interest  to  frequency  assignment  models, 
gaseous  absorption  is  relatively  small,  and  easily 
modelled. 

3.3.  Rain 

The  presence  of  rain  and  snow  on  a  propagation  path 
can  cause  severe  attenuation  at  microwave  and 
millimetrewave  frequencies.  The  processes  are  largely 
well  understood,  and  deterministic  and  statistical 
methods  are  available  for  predicting  their  effects  (see 
[2],  lecture  7). 

The  significance  of  rain  attenuation  depends  on 
frequency,  rainfall  rate  and  climate.  Below  3  GHz,  rain 
attenuation  can  generally  be  ignored.  (The  attenuation 
rates  are  less  than  0.01  dB/km  for  all  but  intense  rain), 
Above  10  GHz  the  attenuation  rate  can  be  several 
dB/km  and  for  millimetrewave  cellular  systems,  rain  is 
the  dominant  factor  in  defining  the  maximum  cell  size. 

It  is  important  to  remember  that  rain  is  not  spatially 
homogeneous.  The  most  intense  convective  rain  occurs 
in  rain  “cells”.  When  designing  a  network,  account  has 
to  be  taken  of  the  likelihood  of  fading  on  the  wanted 
link  occurring  at  the  same  time  as  an  unfaded  interfering 
link. 

A  more  direct  source  of  interference  can  be  coupling 
of  an  unwanted  signal  into  the  receiving  antenna  via  rain 
scatter.  This  will  occur  if  there  is  rain  in  the  “common 
volume”  defined  by  the  intersecting  beam  patterns  of  the 
transmitter  and  receiver  antennas.  Rain  scatter  is 
intrinsically  stronger  at  higher  frequencies,  but  this  is 
offset  to  some  extent  by  the  narrower  antenna 
beamwidths  at  these  frequencies  which  result  in  a 
reduction  of  the  size  of  the  common  volume. 

3.4.  Terrain 

If  the  path  between  transmitter  and  receiver  is  line- 
of-sight,  the  ground  will  not  affect  the  propagation  as 
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long  as  the  path  is  sufficiently  clear  of  the  ground  (by  at 
least  one  Fresnel  zone),  and  the  ground  is  not 
illuminated  by  the  main  beam  of  either  antenna.  If  the 
ground  intrudes  into  the  first  Fresnel  zone,  and  in 
particular,  if  the  path  is  obstructed  by  the  terrain,  the 
signal  will  suffer  additional  diffraction  loss. 

For  a  given  path  geometry,  the  diffraction  loss  is 
greater  at  higher  frequencies.  At  the  highest  frequencies 
under  consideration  (millimetre  waves)  the  first  Fresnel 
zone  is  extremely  small  (a  few  metres)  and  the 
diffraction  losses  are  very  high.  In  this  case  the 
propagation,  is  effectively  optical  and  to  a  first 
approximation  terrain  blockage  cuts  off  the  signal 
completely.  However,  at  UHF  and  lower  frequencies, 
the  loss  due  to  diffraction  may  be  much  smaller,  and 
significant  interference  may  occur  from  transmitters  that 
are  obscured  by  terrain.  There  are  well-established 
(deterministic)  models  that  account  for  terrain 
diffraction  (see  [3],  Rec  P.526-4).  To  a  very  high  degree 
of  accuracy,  only  diffraction  in  the  vertical  plane  need 
be  considered;  two-dimensional  models  are  therefore 
adequate,  resulting  in  efficient  models. 

If  the  ground  is  illuminated  by  the  antenna  beams, 
reflection  and  scatter  from  the  ground  also  needs  to  be 
considered.  This  gives  rise  to  multipath  propagation. 

3.5.  Buildings  and  other  surface  clutter 

The  effects  of  ground  clutter  depends  on  frequency 
and  terminal  heights.  At  the  lower  VHF  and  UHF 
frequencies,  buildings  may  be  semi-transparent  to 
radiowaves;  at  the  higher  microwave  and  millimetre- 
wave  frequencies,  they  become  opaque.  Transmission 
(with  attenuation)  through  obstacles  needs  to  be 
modelled.  Diffraction  over  and  round  obstacles  can 
deliver  signals  to  the  “shadow  zone”  behind  an  obstacle, 
as  can  reflections  from  the  ground  and  other  obstacles. 

At  the  frequencies  of  interest,  ground  clutter  on  a 
terrain  obstacle  can  be  modelled  adequately  as  an 
increase  in  the  terrain  height.  For  antennas  that  are 
located  within  the  clutter  different  approaches  are 
required  depending  on  application.  At  VHF  and  UHF, 
semi-empirical  methods  are  often  adequate,  as  the  effect 
of  the  clutter  is  “smeared  out”  on  the  large  scale,  and  the 
spread  about  the  “average”  is  not  too  large.  The  “two- 
slope”  model  of  Fig  3  is  a  common  example  of  this  type. 
At  short  ranges  the  received  power  falls  off  with 
distance  d  as  d2,  but  at  longer  ranges  this  increases  to  dn , 
with  n  in  the  range  2—4.  The  value  of  n  and  the  range  at 
which  the  slope  changes  depends  on  clutter  type, 
antenna  heights,  etc. 

At  higher  frequencies,  the  measured  received  powers 
become  much  more  site-specific,  and  a  simple  empirical 
model  for  the  trends  with  distance  becomes  less  tenable. 
Fig  4  shows  the  trend  obtained  from  42  GHz 
measurements  in  the  city  of  Oxford.  A  two-slope  model 
is  hard  to  justify  here. 

Although  it  is  hoped  that  useful  empirical  models 
may  become  available  for  millimetric  networks  in  the 
future,  at  the  present  time  three-dimensional  ray  tracing 


methods  are  the  main  source  of  urban  predictions. 
Three-dimensional  modelling  is  the  only  way  of 
obtaining  propagation  channel  predictions  since  off-axis 
reflections  can  be  important  in  the  urban  multipath 
environment. 


Fig  3:  Low  frequency,  two-slope  model 


Fig  4:  Trend  of  urban  measurements  at  42  GHz 


3.6.  Vegetation 

Trees  are  a  particular  problem  at  microwave  and 
millimetre  wave  frequencies.  Fig  5  shows  that  the 
attenuation  of  a  typical  tree  can  be  high  at  42  GHz.  Note 
that  tree  attenuation  depends  greatly  on  tree  type, 
moisture  content,  etc.  The  shape  of  the  curve  is  due  to 
the  multiple  scatter  nature  of  the  propagation  through 
the  tree.  The  initial  steep  slope  is  caused  by  the 
attenuation  of  the  coherent  component  of  the 
electromagnetic  wave.  The  flatter  (high  attenuation) 
portion  occurs  when  multiple  scattered  energy 
dominates  over  the  (highly  attenuated)  coherent 
component.  For  point-to-point  links  vegetation  should 
be  avoided,  but  this  is  not  always  possible  for  cellular 
network  services  to  the  home. 


Fig  5;  Tree  attenuation  at  42  GHz 
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4.  CELLULAR  NETWORK  PLANNING 

Traditionally,  cellular  networks  have  evolved  in  two 
phases.  In  the  early  stages  of  deployment,  available 
spectrum  exceeds  demand,  and  a  conservative  frequency 
re-use  can  be  tolerated  without  the  risk  of  interference. 
As  demand  increases,  and  extra  capacity  is  provided 
within  the  network,  the  probability  of  interference 
increases  and  the  need  for  careful  planning  is  required  to 
minimise  interference.  In  the  later  stages,  the  network 
may  be  interference-limited,  but  this  progression  is 
unlikely  to  result  in  an  optimum  configuration  of  the 
resulting  network. 

The  high  demand  for  spectrum  nowadays  means  that 
it  is  now  necessary  to  plan  for  interference-limited 
networks  from  the  outset.  This  approach  is  being 
encouraged  by  legislative  procedures  (for  example, 
spectrum  pricing  in  the  UK). 

For  the  millimetric  cellular  systems,  tools  are  being 
developed  within  the  EU  ACTS  project  CRABS 
(“Cellular  Radio  Access  for  Broadband  Services”)  that 
should  aid  in  the  process  of  optimisation  of  coverage 
and  interference  simultaneously.  These  model 


(b)  C/(I+N) 

Fig  6:  A  3-cell  42  GHz  MVDS  network 


developments  are  supported  by  measurement  campaigns 
in  several  countries.  Fig  6  shows  an  example  of  contours 
of  (a)  terrain,  and  (b)  the  corresponding  C/(I+N)  for  a 
typical  millimetrewave  video  distribution  system  at 
42  GHz.  The  tool  includes  deterministic  models  for  rain, 
atmospheric  gases,  terrain,  and  buildings,  and  also 
statistical  models  for  rain  and  surface  clutter.  In  Fig  6,  a 
statistical  rain  model  was  used  (99.7%  availability). 
Note  the  high  degree  of  shielding  from  interference 
provided  by  the  range  of  hills.  The  three  centres  of 
population  can  be  adequately  covered  with  single 
frequency  re-use.  The  reason  is  the  low  system  margin 
requirement  for  this  service,  and  the  narrow  beamwidth 
of  the  receiving  antennas  (less  than  3°). 

5.  CONCLUSION 

This  paper  has  given  an  overview  of  the  propagation 
effects  and  models  that  are  relevant  to  spectrum 
planning.  As  new,  higher  frequency,  interference-limited 
networks  are  introduced  the  need  for  good  propagation 
models  and  tools  will  increase. 
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The  aim  of  this  paper  is  to  provide  a  short  infor¬ 
mal  review  of  mathematical  methods  developed  over 
the  last  few  years  in  the  area  of  radio  channel  as¬ 
signment.  It  is  directed  at  the  general  radio  commu¬ 
nity,  who  may  not  have  been  previously  aware  of  such 
work.  The  ideas  described  in  the  paper  are  the  subject 
of  ongoing  research  programmes  in  several  university 
departments  in  the  United  Kingdom,  with  the  active 
support  of  the  Radiocommunications  Agency.  More 
detailed  treatments  are  the  subject  of  an  URSI  Com¬ 
mission  E  Workshop  at  this  Symposium. 

1.  INTRODUCTION 

As  new  radio  systems  are  brought  into  service  and 
existing  ones  extended,  radio  spectrum  is  becoming 
increasingly  valuable,  prompting  the  introduction  of 
new  pricing  structures  in  various  parts  of  the  world. 
The  incentive  to  find  new  ways  of  using  spectrum 
efficiently  is  therefore  also  increasing.  One  aspect  of 
spectrum  efficiency  concerns  the  hardware  used  when 
implementing  radio  systems;  advances  in  technology 
lead  to  new  generations  of  equipment,  which  increase 
the  traffic  that  can  be  carried  by  a  given  piece  of 
spectrum.  This  paper  is  concerned  with  a  second 
aspect  of  the  problem,  namely  the  possible  ways  of 
assigning  radio  channels  to  individual  transmitters 
once  the  hardware  specification  has  been  agreed. 

The  channel  assignment  problem  deals  with  the 
competing  wishes  to  provide  sufficient  radio  cover¬ 
age  while  at  the  same  time  avoiding  unacceptable 
interference  between  groups  of  transmitters.  The 
problem  specification  must  therefore  include  infor¬ 
mation  about  the  requirements  for  spectrum  across 
the  system,  and  also  a  set  of  constraints,  designed 
to  limit  the  interference  levels,  that  a  channel  as¬ 
signment  should  respect.  In  the  version  of  the  prob¬ 
lem  used  most  widely  in  practice,  the  spectrum  re¬ 
quirements  are  given  by  specifying  the  number  of  dis¬ 
tinct  channels  that  each  transmitter  site  requires.  So, 
for  instance,  if  there  are  n  transmitter  sites,  called 
Ti,T2j...,Tn,  then  we  have  a  corresponding  set  of 
demands  mi, m2, . . . , mn,  where  site  T{  requires  the 


assignment  of  m,  distinct  channels. 

The  most  useful  specification  of  constraints  is 
somewhat  less  clear.  The  most  usual  route,  which 
reflects  the  use  of  protection  ratios  in  the  radio  com¬ 
munity,  is  to  have  a  set  of  constraints  each  relating 
to  either  a  single  transmitter  site  (called  co-site  con¬ 
straints),  or  a  pair  of  transmitter  sites  (called  inter¬ 
site  constraints).  To  be  explicit,  suppose  the  chan¬ 
nels  are  labelled  by  integer  values,  corresponding  to 
their  positions  in  the  frequency  spectrum.  Then  the 
co-site  constraints  require  that  if  f{1^  and  f^  are 
different  channels  both  assigned  to  some  transmitter 
site  Ti  then 

l/l(0-/2(0|>Ci 

for  some  specified  minimum  channel  separation  c,. 
Likewise,  the  inter-site  constraints  require  that  if /  W 
and  f^A  are  channels  assigned  to  two  different  trans¬ 
mitter  sites  Ti  and  Tj,  respectively,  then 

l/(<)  -/0)l  >  dj 

for  some  specified  minimum  channel  separation  c,j 
(equal  to  cji).  The  constraints  are  therefore  com¬ 
pletely  specified  by  the  numbers  C(  and  ctJ,  which 
are  usually  written  in  the  form  of  a  matrix,  called 
the  constraint  matrix.  The  c*  make  up  the  diagonal 
entries  and  the  c,j  the  off-diagonal  entries.  Although 
this  formulation  is  the  most  common,  it  has  recently 
come  into  question,  following  case  studies  indicating 
that  it  can  be  over-restrictive,  in  a  sense  to  be  de¬ 
scribed  shortly. 

The  final  part  of  the  problem  specification  is  the 
objective,  for  which  there  are  two  natural  choices. 
The  first  and  most  widely  studied  to  date  is  the  min¬ 
imum  span  problem,  in  which  the  aim  is  to  find  an 
assignment  satisfying  all  spectrum  requirements  and 
all  interference  constraints,  for  which  the  span,  de¬ 
fined  as  the  difference  between  the  highest  and  lowest 
channels  used,  is  as  small  as  possible.  This  would 
tend  to  be  the  concern  of  spectrum  regulators  and 
system  designers.  The  second  possibility  is  the  fixed 
spectrum  problem ,  in  which  a  maximum  span  is  given 
(corresponding  to  the  amount  of  spectrum  available) 
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and  the  aim  is  to  assign  channels  to  as  many  spec¬ 
trum  requirements  as  possible,  within  the  given  span 
and  without  violating  any  constraints.  This  would 
tend  to  be  the  concern  of  system  operators,  as  they 
attempt  to  manage  existing  services.  A  variant  on 
the  fixed  spectrum  problem  would  assign  channels  to 
all  spectrum  requirements  and  try  to  minimize  the 
number  of  violated  constraints. 

The  above  specification  assumes  that  the  trans¬ 
mitter  locations  and  powers  are  fixed  (they  are  ef¬ 
fectively  taken  account  of  by  the  constraint  matrix) . 
More  general  formulations  could  have  locations  and 
powers  as  extra  variables,  to  be  optimized  along  with 
the  channels,  but  there  has  been  very  little  theoreti¬ 
cal  work  on  such  problems  to  date. 

Before  moving  on,  it  is  useful  to  mention  the 
way  in  which  the  constraint  matrix  can  be  over- 
restrictive.  First,  it  is  important  to  realise  that  any 
mathematical  model  of  the  channel  assignment  prob¬ 
lem  represents  an  attempt  to  capture  the  practical 
requirements  of  radio  engineers.  The  success  or  oth¬ 
erwise  of  the  whole  enterprise  is  largely  determined 
by  the  accuracy  of  translation  from  the  engineer¬ 
ing  specifications  into  mathematical  specifications. 
As  far  as  avoiding  interference  is  concerned,  the  ra¬ 
dio  engineer  generally  requires  that  the  signal-to- 
interference  or  signal-to-noise  ratios  should  be  suf¬ 
ficiently  high  at  all  receiver  positions  where  radio 
coverage  is  desired.  There  is  no  mention  of  pairs  of 
transmitters,  but  simply  a  requirement  that  the  com¬ 
bined  effects  of  all  sources  of  interference  are  suffi¬ 
ciently  low.  If  there  are  single  dominant  interfer¬ 
es  then  a  constraint  matrix  is  likely  to  be  a  reason¬ 
able  mathematical  model,  but  more  generally  it  will 
be  difficult  to  translate  the  engineering  specification 
into  a  matrix  form.  Putative  constraint  matrices  will 
then  tend  to  be  either  too  ‘loose’,  in  which  case  they 
fail  to  ensure  the  desired  coverage,  or  too  ‘tight’,  in 
which  case  they  lead  to  assignments  using  more  spec¬ 
trum  than  necessary.  These  issues  are  discussed  in 
the  contribution  by  Bater,  Jeavons  and  Cohen  [1]  in 
these  Proceedings.  For  the  moment,  constraint  ma¬ 
trices  remain  in  widespread  use. 


2.  COMPLEXITY 

The  channel  assignment  problem,  even  in  the  ba¬ 
sic  form  given  in  Section  1,  has  exercised  many  re¬ 
searchers  over  many  years,  but  why  should  it  be  so 
hard?  (In  fact  we  shall  see  later  some  evidence  that 
certain  types  of  problems  are  not  so  hard  as  might 
first  be  expected,  but  for  the  moment  we  keep  the 
discussion  general.) 

The  standard  formulation  includes,  as  a  spe¬ 
cial  case,  the  celebrated  graph- colouring  problem. 
A  graph  in  this  context  is  a  collection  of  abstract 
‘nodes’,  some  pairs  of  which  are  joined  by  ‘edges’. 


The  colouring  problem  is  to  attach  a  colour  to  each 
node  in  such  a  way  that  a  pair  of  joined  nodes 
should  receive  different  colours  and  the  total  num¬ 
ber  of  colours  used  should  be  as  small  as  possible. 
The  smallest  number  of  colours  needed  is  called  the 
chromatic  number  of  the  graph.  If  we  think  of  the 
nodes  as  transmitter  sites  and  the  colours  as  chan¬ 
nels  then  we  have  precisely  a  minimum  span  channel 
assignment  problem,  in  which  all  the  mi  are  1,  and 
the  Cij  are  1  if  the  nodes  T)  and  X)  are  joined  and 
0  otherwise.  (Since  only  one  channel  is  required  at 
each  site,  the  values  given  to  the  co-site  constraints  c, 
are  immaterial.)  In  physical  terms,  we  are  modelling 
only  co-channel  interference,  with  the  edges  in  the 
graph  indicating  the  rough  location  of  potential  cov¬ 
erage  blackspots.  Figure  1  shows  a  graph  with  chro¬ 
matic  number  4,  along  with  a  possible  valid  colour¬ 
ing.  (Note  that  our  conventional  definitions  mean 
that  the  span  is  one  less  than  the  chromatic  num¬ 
ber.) 
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Figure  1:  A  small  graph  with  chromatic  num¬ 
ber  4. 


Algorithms  for  graph-colouring  have  been  ex¬ 
tensively  studied  and  so  making  this  contact  can 
shed  light  on  channel  assignment.  In  fact,  graph¬ 
colouring  was  one  of  the  first  problems  identified  as 
NP-complete,  about  25  years  ago.  NP-completeness 
is  a  technical  property  in  the  study  of  algorithms  (an 
excellent  introduction  is  given  in  [2]).  What  it  means 
in  practice  is  that  it  is  extremely  unlikely  that  any  ef¬ 
ficient  algorithm  exists  for  determining  the  chromatic 
number.  The  term  ‘efficient’  here  is  also  used  in  a 
precise  sense:  an  efficient  algorithm  is  one  that  runs 
in  a  time  increasing  only  polynomially  (as  opposed 
to  exponentially)  with  the  size  of  the  problem  speci¬ 
fication.  Even  restricted  cases  of  graph- colouring  are 
NP-complete.  For  example,  if  we  look  only  at  pla¬ 
nar  graphs,  meaning  graphs  that  can  be  drawn  on  a 
piece  of  paper  without  any  edges  crossing  (as  in  Fig¬ 
ure  1),  then  the  famous  4-colour  theorem  says  that 
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the  chromatic  number  can  be  no  larger  than  4,  but 
finding  it  is  still  NP-complete!  (It  is  easy  to  check 
whether  1  or  2  colours  will  do;  the  difficulty  comes,  if 
more  than  2  colours  are  needed,  in  deciding  whether 
3  or  4  are  necessary.) 

Hopefully  the  above  comments  go  some  way  to 
justifying  the  familiar  claim  that  channel  assignment 
is  a  difficult  problem.  They  highlight  some  of  the  lim¬ 
itations  that  must  be  borne  in  mind  when  designing 
algorithms; 

3.  ALGORITHMS  FOR  CHANNEL 
ASSIGNMENT 

Despite  the  complexity  of  NP-complete  problems,  al¬ 
gorithms  do  exist  for  solving  them,  generally  through 
some  exhaustive  search  of  all  possibilities,  but  they 
have  execution  times  that  increase  exponentially 
with  the  size  of  the  problem.  For  channel  assign¬ 
ment,  such  considerations  limit  tractable  problems 
to  a  total  spectrum  requirement,  i.e.  the  sum  of  the 
requirements  of  all  transmitter  sites,  of  just  a  few 
tens  of  channels.  Since  real  problems  often  involve  a 
total  requirement  of  a  few  thousand  channels,  there 
is  clearly  a  need  for  alternatives. 

There  are  several  so-called  meta-heuristic  tech¬ 
niques  that  seem  well-suited  to  attacking  discrete 
optimization  problems  such  as  channel  assignment. 
They  operate  by  trying  to  limit  the  portion  of  the 
‘search  space’  that  is  explicitly  considered.  The 
search  space  is  the  set  of  all  possible  configurations 
in  the  problem.  For  channel  assignment,  a  configu¬ 
ration  is  simply  a  possible  assignment  of  channels  to 
transmitter  sites,  without  regard  for  how  many  con¬ 
straints  might  be  violated.  Meta-heuristics  evaluate 
assignments  using  some  objective  function,  which  for 
illustrative  purposes  can  be  taken  as  number  of  vio¬ 
lated  constraints.  Fixed  spectrum  problems  involve 
minimizing  the  objective.  Minimum  span  problems 
can  be  treated  as  a  sequence  of  fixed  spectrum  prob¬ 
lems,  beginning  with  sufficient  spectrum  so  that  an 
assignment  with  zero  objective  (in  this  illustration  no 
constraint  violations)  is  known  or  easily  found.  The 
available  spectrum  is  then  decreased  one  channel  at 
a  time,  effectively  discarding  the  highest  channel  at 
each  stage,  until  the  algorithm  can  no  longer  find  a 
configuration  of  zero  objective. 

A  software  package  called  FASoft  has  been  de¬ 
veloped  by  the  Cardiff/Glamorgan  research  group, 
implementing  three  different  meta-heuristics  in  the 
context  of  channel  assignment,  namely  simulated  an¬ 
nealing,  tabu  search  and  genetic  algorithms.  Full 
details  of  these  methods  appear  in  [3].  Here  we  sim¬ 
ply  mention  the  different  approaches  that  these  algo¬ 
rithms  take  to  avoiding  the  problem  of  being  caught 
in  a  local  minimum  of  the  objective  function.  Simu¬ 
lated  annealing  is  a  stochastic  procedure  in  which 


progress  through  the  search  space  tends  to  move 
through  successively  lower  objective  values,  but  with 
some  positive  probability  of  making  a  move  to  higher 
values,  thereby  giving  scope  for  climbing  out  of  local 
minima.  As  time  progresses,  the  probability  of  such 
moves  decreases.  Tabu  search  addresses  the  issue  by 
keeping  a  list  of  forbidden  (tabu)  moves  based  on 
the  recent  history  of  the  search.  Genetic  algorithms 
take  a  very  different  approach,  in  which  a  whole  set 
of  configurations,  called  a  population,  is  maintained 
and  updated  in  parallel. 

Experience  to  date  suggests  that  simulated  an¬ 
nealing  and  tabu  search  are  somewhat  more  promis¬ 
ing  than  genetic  algorithms,  although  there  is  plenty 
of  scope  for  fine-tuning  of  the  parameters  that  govern 
detailed  operation.  Historically,  some  authors  have 
also  attempted  to  use  neural  networks  for  the  chan¬ 
nel  assignment  problem,  but  these  seem  rather  less 
successful. 

4.  INTEGER  PROGRAMMING  AND 
LOWER  BOUNDS 

A  line  of  enquiry  complementary  to  meta-heuristics 
starts  with  a  more  direct  treatment  of  the  problem. 
The  specification  given  in  Section  1  can  be  recast  in 
the  language  of  mathematical  programming.  For  the 
minimum  span  problem,  the  variables  would  be  the 
span,  S,  and  the  set  of  all  channels  assigned  at  each 
site,  written  {fP  :  i  —  1,2, . . .  ,n,  r  =  1,2, . . .  ,mi}. 
Here,  fP  denotes  one  of  the  rrii  distinct  channels 
assigned  to  transmitter  site  Tj.  It  is  mathematically 
convenient  to  remove  the  modulus  bars  in  the  con¬ 
straints,  using  the  following  ‘trick’.  Replace  the  vari¬ 
ables  fP  with  new  variables 

=max(0, /«-/«>) 

and 

VrS3>  =  max(0,  /s(i)  -  /r(i)) 

The  channel  assignment  problem  may  then  be  writ¬ 
ten  in  the  following  form. 

Minimize  S 

subject  to  UrP  +  vffl  >  Cij  for  i  ^  j 

Urs^  +  Vrs^  >  C{  for  T  ^  S 

0  <  ui'P  <  S 
0  <  V(rP  <  S 

S,  UrJ\  vj-P  all  integer- valued. 

The  details  of  this  rewriting  are  not  important. 
They  are  included  only  to  show  that  channel  as¬ 
signment  may  be  treated  as  an  integer  programming 
problem,  characterised  by  the  optimization  of  a  lin¬ 
ear  objective  function  subject  to  linear  constraints, 
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over  variables  restricted  to  integer  values.  Such  prob¬ 
lems  are  also  well  known  to  be  NP-complete  (af¬ 
ter  all,  the  complexity  cannot  be  changed  simply  be 
rewriting).  The  point  of  the  exercise  is  to  note  that 
by  removing  the  restriction  to  integer  values,  a  linear 
programming  problem  is  obtained,  for  which  good  al¬ 
gorithms  have  been  known  for  50  years. 

The  dropping  of  the  restriction  to  integer  values 
is  known  as  relaxation.  It  clearly  leads  to  reductions 
in  the  minimum  span  S  (or  possibly  no  change  in 
certain  special  circumstances).  The  other  variables, 
corresponding  to  the  assigned  channels,  would  then 
also  generally  be  non- integers.  Hence  the  relaxation 
is  of  limited  use  for  generating  explicit  assignments 
(although  see  [4]  elsewhere  in  these  Proceedings  for 
a  variation  on  this  theme  which  does  work). 

The  power  of  this  approach  lies  in  the  observation 
that  the  reduced  value  of  S,  calculated  relatively  eas¬ 
ily  after  relaxation,  provides  a  lower  bound  on  the 
true  minimum  span.  The  most  promising  methods 
for  lower  bounds  [5,  6]  actually  go  a  stage  further  and 
effectively  drop  some  of  the  constraints  in  the  linear 
program  altogether;  this  reduces  S  still  further,  but 
can  make  the  calculation  much  shorter. 

It  should  be  clear  that  meta-heuristics  (or  any 
other  assignment  method)  provide  upper  bounds  for 
the  minimum  span.  One  hopes  that  the  best  upper 
and  lower  bounds  are  not  very  different,  so  giving 
a  small  interval  in  which  the  true  value  must  lie. 
In  fact,  experience  indicates  that  for  channel  assign¬ 
ment  problems  based  on  cellular  systems,  the  upper 
and  lower  bounds  can  often  be  made  to  match  pre¬ 
cisely.  The  exact  value  of  the  minimum  span  is  then 
known,  along  with  a  corresponding  assignment,  and 
the  problem  can  be  reasonably  said  to  be  ‘solved’. 
In  contrast,  problems  arising  from  radio  links  seem 
rather  more  difficult. 


5.  CONCLUDING  REMARKS 

We  have  seen  that  channel  assignment  is  closely  re¬ 
lated  to  graph  colouring  and  to  integer  programming, 
both  of  which  are  well-known  NP-complete  prob¬ 
lems.  In  fact,  for  the  chromatic  number  of  a  gen¬ 
eral  graph,  it  is  also  NP-complete  to  calculate  good 
approximations  (‘good’  in  the  sense  of  to  within  a 
constant  multiplicative  factor).  These  observations 
might  lead  to  undue  pessimism,  but  recent  work 
seems  to  indicate  a  much  better  state  of  affairs,  with 
several  benchmark  problems  previously  thought  to 
be  difficult  now  completely  solved  [3]. 

One  interpretation  of  these  results  is  that  channel 
assignment  problems  arising  in  practice  have  special 
properties,  which  are  not  captured  explicitly  by  the 
problem  specification,  but  which  can  be  successfully 
exploited  implicitly  by  well-designed  algorithms.  A 
main  aim  for  future  research  should  be  trying  to  un¬ 


derstand  these  properties  more  precisely.  This  would 
naturally  lead  to  a  means  of  classifying  channel  as¬ 
signment  problems  according  to  difficulty. 

Qualitatively,  it  would  seem  that  both  the  distri¬ 
bution  of  spectrum  requirements  and  the  underlying 
geometry  play  a  role.  To  take  an  extreme  example, 
many  spectrum  planning  exercises  take  place  with 
uniform  requirements  on  regular  lattices,  where  the 
explicit  exploitation  of  geometry  is  crucial  [7,  8,  9] 
and  meta-heuristics  generally  struggle  to  find  good 
assignments.  An  easier  situation  occurs  when  there  is 
a  small  cluster  of  transmitters  sites  with  high  require¬ 
ments,  which  can  often  determine  the  minimum  span 
on  their  own,  especially  in  cellular  systems,  where 
interference  constraints  are  imposed  locally  over  rel¬ 
atively  short  geographical  distances. 

This  work  was  carried  out  under  a  research  con¬ 
tract  between  the  Radiocommunications  Agency  and 
St.  Catherine’s  College,  Oxford. 
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Management  of  the  radio  frequency  spectrum 
and  geostationary  satellite  orbit  resources  includes  na¬ 
tional  and  international  coordination  to  assure  their 
rational  use  and  to  avoid  mutual  interference.  A  huge 
amount  of  data  needs  to  be  exchanged  and  processed 
and  complex  computations  are  required  for  that  pur¬ 
pose.  which,  in  turn,  requires  efficient  computing  tools. 
The  text  reviews  key  issues  involved. 

1  INTRODUCTION 

The  status  of  spectrum  management  tools  contrasts 
sharply  with  the  progress  made  recently  in  computing 
and  communication  technology.  And  it  is  in  spite  of 
criticism  of  the  present  spectrum  management,  both 
national  and  international,  for  being  costly,  inefficient, 
and  not  adapted  to  the  current  needs.  According  to  offi¬ 
cial  estimates,  the  spectrum  management  activities  of 
ITU  headquarters  in  Geneva  cost  about  20  million  Swiss 
franks  per  year  [Doc.  PP94-176],  But  it  is  only  "a  top  of 
iceberg"  as  most  of  die  work  is  done  far  away  from  Ge¬ 
neva,  and  the  total  costs  are  much  greater.  The  ITU  staff 
only  checks  if  the  international  agreements  are  not  vio¬ 
lated,  mid  the  substantial  work  is  done  by  national  spec¬ 
trum  management  agencies  in  each  of  ITU  member 
countries  before  the  international  notification/  verifica¬ 
tion  process  can  start. 

Of  equal  (or  even  greater)  importance  are  delays  in¬ 
volved  by  spectrum  management  processes.  Such  delays 
are  especially  harmful  during  mid  after  disasters  when 
the  time  factor  is  crucial.  In  many  cases  the  information 
which  frequencies  can  be  used  mid  where  is  not  avail¬ 
able  when  needed.  In  addition,  various  national  regula¬ 
tory  procedures  may  paralyze  all  efforts  to  replace  the 
destroyed  telecommunication  network  by  its  new  wire¬ 
less  substitute.  But  even  in  normal  situations  such  de¬ 
lays  may  have  calamitous  effects.  Space  systems  may 
serve  as  example.  The  ITU  notification  process  of  such 
systems  introduces  up  to  two  years  of  delay.  The  1998 


plan  of  the  ITU-R  Sector  states:  "...in  spite  of  the  meas¬ 
ures  taken  and  the  resulting  higher  rate  of  productivity, 
delays  in  treatment  of  material  represent  a  continuing 
problem." (Doc.  RAG98-I/1E).  Several  years  may  be 
required  until  the  system  receives  the  national  mid  inter¬ 
national  authorizations  to  operate.  It  contrasts  sharply 
with  the  18-month  life  spmi  of  electronic  technology 
generations.  A  space  system  may  easily  become  out-of 
date  waiting  for  authorization  by  spectrum  managers.  If 
it  has  been  modified  dming  the  waiting  time  to  keep 
pace  with  the  tecluiological  developments,  it  may  be 
required  to  restart  the  coordination  process  with  the 
competing  systems  that  might  appear  on  the  scene  in  the 
meantime.  This  perspective  is  difficult  to  accept  in  the 
competitive,  marker-driven  environment. 

Continuing  attempts  have  been  undertaken  to  improve 
the  spectrum  management.  These  go  in  two  directions: 
reviewing  basic  policies  mid  improving  computing 
tools.  However,  the  tools  available  in  ITU  and  in  ma¬ 
jority  of  its  member  countries  are  inadequate.  The  num¬ 
ber  of  various  space  systems  submitted  to  ITU  for  noti¬ 
fication  increased  by  600%  from  1993  to  1997,  mid  the 
complexity  of  systems  also  increased  dramatically.  It 
has  not  been  accompanied  by  appropriate  upgrading  of 
the  computing  tools.  In  his  letter  (CR/84  of  2/2/98),  the 
Director  of  ITU-BR  wrote:  " The  JTU-R  has  not  vet 
adapted  any  methodology  nor  algorithm  [to  perform 
required  computations].  Also,  there  is  no  established 
and  internationally  recognized  software..."  It  should  be 
noted  that  such  a  methodology  and  algoritluns  may  re¬ 
quire  reviewing  mathematical  foundations  on  which  the 
present  approach  is  based.  A  special  URSI  WGE1 
Workshop  organized  at  this  symposium  is  devoted  to 
that  topic. 

2  SPECTRUM  ENGINEERING 

With  the  progress  in  electronic  and  space  teclinologies, 
and  with  the  increasing  wealth  of  nations,  mi  enormous 
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growth  of  communication  and  other  applications  of  ra¬ 
dio  applications  is  observed.  However,  that  growth  is 
liampered  by  the  apparent  shortage  of  spectrum/  orbit 
resources  necessary  for  wireless  systems  to  operate.  The 
problem  has  been  discussed  at  various  occasions.  At  the 
previous  session  of  this  symposium  it  was  suggested 
that  the  deficit  of  spectrum/  orbit  resources  could  be 
decreased,  among  others,  by  improvements  in  spectnnn 
management. 

The  central  issue  here  is  spectrum  engineering  and 
electromagnetic  compatibility,  "EMC".  Both  terms  have 
received  a  wide  international  acceptance  after  the  IEEE 
report  "Spectrum  engineering  -  the  key  to  progress"  was 
published  in  1968.  At  that  time,  engineers  and  scientists 
from  government,  academy,  and  industry,  were  con¬ 
cerned  with  the  potential  disruption  of  vital  wireless 
services  due  to  radio  interference.  Since  then  EMC  has 
been  the  basis  for  rational  use  of  the  spectnnn/  orbit 
resources.  EMC  involves  two  complementary  aspects. 
The  first  one  is  a  correct  operation  of  a  system  in  hand 
under  the  influence  of  the  environmental  stimuli,  in¬ 
tended  and  unintended.  The  second  aspect  involves  non¬ 
interfering  with  the  environment.  Also  here  the  intended 
and  imintended  interactions  have  to  be  taken  into  ac¬ 
count. 

Spectnnn  management  usually  involves  a  compromise 
between  parties  making  incompatible  use  of  the  spec- 
tnun/orbil  resources.  A  rational  approach  involves  an 
evaluation  of  the  interference  threat  implicated.  As  such 
an  evaluation  inevitably  contains  some  assumptions  and 
approximations,  usually  one  party  claims  that  the  inter¬ 
ference  threat  is  imderestimated  whereas  the  other  one 
maintains  that  it  is  overestimated.  In  such  cases  when 
traditional  computing  results  are  questioned,  experi¬ 
mental  evidence  remains  a  valid  argument.  But  "real 
world"  experiments  may  require  special  measuring 
campaign.  Such  campaign  may  require  too  much  time, 
or  may  be  too  expensive.  For  instance  it  may  require  a 
full-scale  satellite  system  to  be  deployed.  In  such  situa¬ 
tion  more  advanced  computing  tools  have  to  be  used. 

One  difficulty  with  computing  support  of  spectnnn 
management  is  tliat  interaction  models  are  not  well  de¬ 
fined  and  that  exact  values  of  variables  are  often  un¬ 
known.  On  the  one  hand,  the  rigorous  theoretical  mod¬ 
els  are  available  for  the  simplest  stmctures  only.  On  the 
other  hand,  "experimental"  models  have  limited  appli¬ 
cations.  The  unintended  interactions  are  usually  ignored 
in  the  planning,  design  and  production  processes.  Con¬ 
sequently.  these  are  poorly  documented,  if  documented 
at  all.  Another  difficulty  that  spectnnn  engineering  en¬ 
counters  results  from  the  dimension  of  the  problems  that 
may  make  them  intractable  by  rigorous  approach.  The 
performance  of  a  communication  system  depends  on  the 
performance  of  its  component  transmitter-receiver  links 
during  a  given  time  period.  It  is  the  state-space,  or  test- 
domain  -  the  set  of  all  states  the  system  might  occupy. 
For  instance,  with  aeronautical  and  satellite  systems  all 
expected  locations  of  stations,  varying  in  space  and  in 
time,  have  to  be  taken  into  account  as  test  domain.  It 


may  require  a  great  number  of  computations.  A  quick 
order  of  magnitude  analysis  illustrates  this  point.  On  the 
one  hand,  the  test  domain  should  be  large  enough  to 
embrace  all  significant  elements  of  the  system  and  then- 
behavior  in  time.  On  the  other  hand,  the  resolution  of 
the  results  has  to  be  fine  enough  to  capture  the  smallest 
scales  that  are  relevant.  The  test  domain  contains,  there¬ 
fore.  N  =  (D;.,te  /  DMin)4  points,  where  DMlLX  and  DMui 
denote  the  largest  and  the  smallest  distances  involved  in 
the  four-dimensional  space-time  test  domain.  If  D;vf„  / 
DMu,  =  10  ftftO,  then  there  are  1ft12  points. 

Frequency  planning  can  serve  as  another  example  illus¬ 
trating  the  size  of  the  problems  involved.  A  frequency 
plan  is  a  function  that  assigns  operational  characteristics 
to  transmitting  stations.  It  may  be  the  frequency  chan¬ 
nel.  polarization,  power,  antenna  location,  its  radiation 
pattern,  time  of  operation,  etc.  Even  with  a  moderate 
number  of  transmitters  and  operational  parameters,  tire 
niunber  of  EMC  computations  required  to  select  the  best 
variant  of  the  plan  by  an  exhaustive  inspection  is  enor¬ 
mous.  Take  for  example  a  plan  of  small  point-to-multi- 
point  wireless  network  tliat  consists  of  10  transmitting 
stations,  each  linked  with  10  receiving  stations.  Every 
transmitter  can  use  one  of  20  frequencies,  and  one  of  5 
power  levels  available.  To  simplify,  all  other  parame¬ 
ters.  such  as  location  etc.,  are  fixed,  and  all  environ¬ 
mental  signals  can  be  ignored.  The  complete  set  of 
EMC  computations  would  require  of  1022  tests.  Even  if 
each  w  ould  take  only  1  microsecond  of  computer  time, 
the  job  would  not  be  finished  in  109  years!  Most  often, 
frequency  planners  and  spectnnn  managers  have  to 
abandon  such  impractical  rigorous  approaches  and  ltave 
to  rely  on  approximations  justified  by  their  intuition  and 
past  experience.  But  such  "approximate"  solutions  do 
not  warrant  the  best  use  of  the  resources  that  would  be 
(theoretically)  possible. 

2.1  COMPUTER  SIMULATION 

One  of  advanced  tools  that  may  be  helpful  in  spectrum 
management  is  computer  simulation.  It  is  an  experiment 
ran  inside  the  computer  instead  of  the  "real  world".  Its 
aim  is  to  imitate  modifications  to  various  parameters  of 
the  system,  or  its  environment,  or  both,  and  to  examine 
their  effects  to  obtain  information  about  the  system, 
about  modifications  to  the  system  or  about  several  com¬ 
peting  systems. 

There  are  two  approaches  to  simulation:  deterministic 
and  probabilistic.  The  first  one  involves  deterministic 
models  and  variables.  In  this  approach,  a  simulation 
"scene"  is  generated  and  analyzed.  The  trial  is  done  only 
once.  There  is  no  need  to  repeat  the  trials  with  the  same 
set  of  input  variables  because,  with  deterministic  rela¬ 
tionships  and  data,  each  trial  gives  the  same  result 
(within  a  small  computation  error).  In  the  probabilistic 
simulation,  random  elements  are  introduced.  With  ran¬ 
dom  components,  the  system  performance  is  subject  to 
statistical  dispersion  and  each  trial  may  give  a  different 
result.  Flipping  a  coin  is  a  good  example.  Although  the 
laws  of  physics  allow's  to  predict  exactly  its  position 


650 


(given  the  initial  position,  velocity,  spin,  etc),  it  is  prac¬ 
tically  impossible  to  determine  in  advance  whether  the 
coin  lands  on  heads  or  tails.  To  obtain  results  that  are 
statistically  significant,  the  simulation  experiment  has  to 
be  repeated  a  number  of  times.  The  probabilistic  simu¬ 
lation  is  thus  based  on  a  repetition  of  many  trials  and 
collection  of  statistics  representing  the  global,  or  most 
probable,  result.  That  approach  was  first  proposed  by 
Stanislaw  Ulam  (1909-1984),  a  Polish  mathematician 
who  later  played  a  major  role  in  the  development  of  the 
hydrogen  bomb  at  Los  Alamos.  Ulam  had  a  niunber  of 
specialties,  including  the  probabilistic  simulation  the¬ 
ory,  named  also  "Monte-Carlo". 

The  sample  size  (the  niunber  of  tests  to  be  performed) 
determines  the  uncertainty  with  which  the  statistical 
performance  measures  of  the  system  are  estimated. 
Here,  we  liave  to  differentiate  between  "population 
mean"  and  "sample  mean"  of  a  variable.  The  population 
mean  relates  to  all  possible  tests  involved,  whereas 
sample  mean  is  associated  with  the  sample,  i.e.  with  a 
limited  set  of  tests  actually  made.  Because  of  the  limited 
size  of  sample,  the  sample  mean  (Means)  may  differ 
from  the  population  mean  (MeanP)  and.  in  order  to  ob¬ 
tain  valid  simulation  results,  the  difference  must  be  kept 
small.  The  probability  (P)  that  the  difference  lies  within 
a  small  error  (Err)  depends  on  the  sample  size  (n),  and  is 
subject  to  the  Tchebycheffs  inequality: 

P{  |MeanP  -  Means|  <  Err}  >  1  -  [(Var  /  Err)2  /  n|, 

where  Var  is  variance.  By  selecting  a  sufficiently  large 
sample,  n,  the  probability  that  the  sample  mean  will  fall 
within  a  small  error  interval  about  the  population  mean 
can  be  made  as  near  to  unity'  as  desired.  If.  for  instance, 
the  acceptable  error  is  Err  =  0. 1%  of  the  variance  and 
probability  P  =  99.9%,  than  the  sample  size  should  not 
be  less  than  n  =  109.  In  practice,  rarely  such  a  precision 
is  needed  and  much  smaller  samples  are  sufficient.  A 
smart  design  of  simulation  experiments  can  decrease  the 
number  of  simulation  runs  . 

3  COMPUTING  TOOLS 

In  view  of  the  problems  indicated  earlier,  the  develop¬ 
ment  in  computer  technologies  will  have  an  immense 
impact  on  spectrum  engineering  and  spectnuu  manage¬ 
ment.  One  of  the  driving  forces  is  a  growing  need  to 
determine  the  performance  of  increasingly  complex 
systems  in  their  increasingly  congested  electromagnetic 
environments.  The  ideal  approach  would  combine  com¬ 
putation.  simulation,  measurement,  and  analysis,  so  that 
system  assessment  can  be  achieved  to  a  needed  accu¬ 
racy  at  acceptable  cost  and  within  acceptable  time  lim¬ 
its. 

3.1  COMPUTERS 

In  1965.  Gordon  Moore,  who  later  co-founded  Intel, 
examined  the  price/  performance  ratio  of  integrated  cir¬ 
cuits  and  predicted  that  the  capacity  of  a  computer  clup 
would  double  every  year.  Nobody  believed  that  this  rate 


of  improvement  would  last  long.  But  his  forecast  proved 
true  until  now  with  one  correction:  the  average  doubling 
period  is  not  twelve  but  eighteen  months.  This  regular¬ 
ity'  has  been  referred  to  as  Moore’s  Law. 

The  Toshiba  laptop  computer  I  am  using  is  ten  thousand 
lighter,  hundred  thousand  faster,  and  has  four  hundred 
thousand  more  memory  than  Eniac,  its  grandfather.  In 
addition  it  is  five  hundred  times  less  expensive.  It  is 
build  around  a  single  Intel  Pentium  MMX  processor  that 
runs  107  instructions  per  second  (10  MIPS).  Just  when  I 
bought  it,  Intel  announced  a  prototype  of  a  multi¬ 
processor  computer  that  combines  nine  thousand 
Pentium-Pro  processors  and  nuts  1012  float-point  opera¬ 
tions  per  second.  My  laptop  operates  at  150  MHz.  and 
almost  seven  times  faster  processors  running  1GHz 
have  been  announced  in  1998.  Technological  innova¬ 
tions  make  the  computing  costs  declining.  The  price 
index,  about  $  1/MIPS  in  1975,  dropped  lO4  times  by 
1995.  making  computing  costs  insignificant  in  compari¬ 
son  with  other  costs.  This  trend  will  continue.  We  will 
be  able  to  solve  bigger  computing  problems  much  faster 
and  much  cheaper. 

3.2  COMPUTER  NETWORKS 

The  most  important  change  in  computing  environment 
since  the  Eniac  times  come  with  computer  networks.  A 
computer  network  offers  a  multi-user,  multi-task  envi¬ 
ronment  in  which  information  and  tasks  can  easily  be 
shared,  subject  to  system  access  control.  One  computer 
can  use  data  on  disks  attached  to  other  computers  and 
share  tasks  by  initiating,  executing  and  communicating 
with  other  computers.  The  tasks  can  optimally  be  dis¬ 
tributed  within  the  network  to  minimize  die  time  re¬ 
quired,  amount  of  information  exchanged,  etc.  The  first 
experimental  DARPA  project  launched  in  seventies 
connected  only  a  few  computers.  By  the  year  2000, 
projections  indicate  that  about  180  million  computers 
will  be  connected  to  an  Internet  constituting  4  million 
networks  dispersed  around  the  globe.  In  1997,  more 
than  10  million  hosts  were  connected  to  Internet  in  die 
USA  alone,  and  the  number  of  interconnected  comput¬ 
ers  increased  with  a  rate  of  170%  a  year.  The  ITU  TIES 
system  is  following  a  similar  trend,  following  Kyoto 
Resolution  66  and  Resolutions  ITU-R  19  and  20.  It  of¬ 
fers  electronic  access  to  a  growing  number  of  docu¬ 
ments  available  earlier  only  on  paper. 

The  Internet  has  supported  diousands  of  different  appli¬ 
cations  including  a  trillion  dollars  a  year  of  transactions. 
It  is  becoming  a  substantial  part  of  collaborative  aspects 
of  our  activities,  reshaping  institutional,  business,  finan¬ 
cial.  and  political  boundaries.  Many  analysts  are  of  die 
opinion  that  this  phenomenal  growth  has  been  possible 
because  regulatoty  constraints  were  minimal  and  there 
has  been  no  central  administrative  body  of  Internet. 
Could  that  approach  be  applied  in  spectrum  manage¬ 
ment? 
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3.3  ELECTRONIC  DOCUMENTS 

Our  decision-taking  processes,  engineering,  administra¬ 
tive,  and  financial  have  been  paper-based.  Anything 
requires  a  paper  document  that  usually  has  to  be  sub¬ 
mitted  for  comments  and/  or  approval.  The  process  may 
involve  a  number  of  persons,  sometime  at  distant  places, 
and  each  may  introduce  modifications,  annotations  and 
comments.  Coordinating  that  process  with  paper  docu¬ 
ments  it  is,  difficult,  error-prone,  time-consuming,  and 
expensive. 

With  paper  documents,  we  have  been  forced  to  order 
information  linearly,  one  after  another.  To  facilitate  the 
search,  we  have  been  using  tables  of  contents,  indexes, 
and  cross-references,  but  these  have  also  been  organized 
linearly.  Digital  documents  can  be  faster  and  easier  to 
work  with  than  paper  as  the  logical  structure  and  physi¬ 
cal  arrangement  of  data  in  electronic  form  can  be  kept 
separately.  The  needed  information  can  be  searched, 
identified,  and  retrieved  almost  instantly. 

With  powerful  computer  database  technologies,  docu¬ 
ments.  texts,  formulas,  numbers,  images,  and  sounds 
can  easily  be  indexed,  retrieved,  or  linked  with  related 
subjects.  The  content  can  be  restructured  easily  by  date, 
time,  or  by  any  other  index.  Data  are  easier  to  find,  to 
copy,  and  to  distribute.  Bill  Gates  of  Microsoft  predicts 
that  within  a  few  years  the  digital  document,  complete 
with  autlienticatable  digital  signatures,  will  be  the  origi¬ 
nal.  and  paper  printouts  will  be  secondary'  and  a  signifi¬ 
cant  percentage  of  documents  will  not  even  be  fully 
printable. 

Most  engineering,  financial  and  administrative  docu¬ 
ments  are  superior  in  digital  form.  More  and  more  engi¬ 
neering  tasks  base  on  electronic  documentation.  The 
case  of  Boeing  can  serve  as  good  example.  Earlier,  pa¬ 
per  documentation  was  used  and  full-scale  mock-ups  of 
the  airplanes  were  built.  The  mock-up  was  necessary  to 
make  sure  that  every  part  of  the  airplane,  often  designed 
and  produced  by  different  teams,  actually  fit  together 
correctly. 

With  its  777  jetliner  Boeing  replaced  it  by  a  gigantic 
electronic  document  to  hold  all  relevant  information. 
Tire  document  contained  digital  models  of  all  the  parts 
together  with  all  necessary'  information  on  how  they 
should  work  together.  By  using  such  digital  documents. 
Boeing  was  able  to  make  significant  savings  and  assure 
required  product  quality. 

With  such  an  electronic  documents,  planners  and  de¬ 
signers  could  work  with  the  same  data,  track  modifica¬ 
tions  at  computer  terminals,  identify  any  incompatibility 
immediately,  and  correct  it  if  necessary.  The  document 
could  be  updated  automatically  and  modifications 
shared  among  all  those  involved,  with  annotations  who 
made  them,  why,  and  when  -  something  that  would  be 
very  difficult  on  paper.  The  same  approach  could  be 
applied  in  spectrum  engineering  and  management,  na¬ 
tional  and  worldwide.  The  analogy  with  fitting  sendee 
areas  of  wireless  systems  is  evident. 


3.4  DATABASES 

A  spectrum  management  database  is  a  set  of  objects 
representing  the  world  in  the  form  of  electronic  docu¬ 
ment.  It  is  used  to  organize,  warehouse,  retrieve,  and 
manipulate  information  relevant  to  spectrum-related 
activities.  Such  a  database  integrates  three  major  com¬ 
ponents:  position,  time,  and  attributes  or  properties  of 
the  objects.  These  components  define  what  is  the  object, 
where  is  it.  how  is  it  related  to  other  objects,  and  what  is 
its  history.  Position  refers  to  the  fact  that  each  radio 
station  has  a  geographical  location  and  orientation  that 
must  be  specified  in  a  unique  way.  It  is  employed  in 
combination  with  a  frame  of  reference  with  its  position, 
orientation  and  scale.  Time  is  important  since  the  real 
world  is  changing  with  time.  Attributes,  often  termed 
"non-spatial  data",  represent  all  other  features  that  es¬ 
sentially  do  not  depend  on  location  and  time. 

Spectrum  management  database  represents  the  real 
world  as  it  really  is  and  also  a  "virtual"  world  of  objects 
that  do  not  exists  in  reality  but  are  declared,  such  for 
instance  as  "paper  satellites"  discussed  at  the  recent 
World  Radiocommunication  Conference  WARC  97. 
These  virtual  objects  can  be  created,  modified,  and  an¬ 
nihilated  at  will  by  the  users.  Problems  with  such  object 
were  discussed  at  previous  occasions.  Usually,  different 
applications  require  different  subsets  of  data  derived 
from  the  database,  or  different  "user  views".  Sharing  a 
database  by  several  applications  instead  of  each  having 
independent  databases  results  in  reduction  of  data  re¬ 
dundancy  and  inconsistencies. 

3.5  GIS 

Geographic  Information  Systems  or  GIS  are  specialized 
database  management  systems  developed  to  facilitate 
handling  spatially  related  data.  They  include  data  struc¬ 
turing  and  manipulating  systems  that  may  be  useful  in 
spectrum  management  applications.  They  all  base  on 
few  primitive  types  of  geometric  entities  used  encode 
spatial  data:  points,  lines,  polygons  and  surfaces.  Points 
are  O-dimensional  objects,  lines  are  1 -dimensional 
(length),  polygons  are  2-dimensional  (length  and  width), 
and  surfaces  are  3-dimensional  (length,  width  and 
height). 

The  spatial  distribution  of  points,  lines,  and  surfaces 
may  be  represented  in  raster  and  in  vector  models. 
Raster  or  cellular  organization  of  spatial  data  is  one  of 
the  simplest.  It  involves  the  grid  and  other  regular  tes¬ 
sellation,  nested  tessellation  or  irregular  tessellation.  In 
the  grid  tessellation,  square,  triangular  and  hexagonal 
cells  are  used.  The  most  widely  used  is  the  square  grid. 
The  smaller  the  piece  of  land  represented  by  each  cell, 
the  higher  the  spatial  resolution  of  the  data.  However, 
the  size  of  the  file  increases  with  resolution.  Since  the 
file  size  is  related  to  the  area,  it  increases  by  the  square 
of  the  increase  in  resolution.  In  the  nested  tessellation 
model,  cells  are  recursively  subdivided  into  smaller 
cells  of  the  same  shape.  The  most  common  model  is  the 
quadtree  based  on  recursive  decomposition  of  a  square 
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grid.  The  area  under  consideration  is  first  enclosed 
within  a  square,  which  then  is  subdivided  into  four 
subquadrants.  The  subdivision  process  is  repeated  until 
a  predetermined  resolution  level  is  achieved.  The  quad¬ 
tree  approach  provides  a  more  compact  raster  represen¬ 
tation  by  using  a  variable-sized  grid,  with  finer  subdivi¬ 
sions  in  areas  wdiere  finer  resolution  is  required.  Irregu¬ 
lar  tessellation  can  be  adjusted  to  the  irregular  character 
of  data.  The  triangulated  irregular  network  (TIN),  was 
developed  in  early  1970s  to  create  a  digital  elevation 
model  (DEM)  basing  on  a  set  of  irregularly  spaced 
points  on  the  of  Earth  surface.  It  is  an  alternative  to  the 
DEM  based  on  a  regular  grid  (raster).  Raster  models 
have  a  regular  data  structure  that  makes  overlay  and 
combination  of  mapped  data  easier  than  with  vector 
(irregular)  models  as  the  same  set  of  grid  cells  are  used 
for  several  variables.  It  makes  also  simulation  calcula¬ 
tions  simpler. 

3.6  DATA  WAREHOUSING 

One  of  important  tasks  of  spectrum  management  is  ex¬ 
changing  and  archiving  or  warehousing  of  large 
amounts  of  information.  Until  recently,  the  whole  hu¬ 
man  knowledge  has  been  stored  and  exchanged  as  paper 
documents.  But  the  role  of  paper  as  a  vehicle  of  pre¬ 
serving  and  distributing  information  is  changing.  All 
information  documents  can  easily  be  stored  and  ex¬ 
changed  in  an  electronic  digital  form.  CD-ROM  multi- 
media  encyclopedias  are  good  example.  For  instance, 
Microsoft  Encarta  includes  9  million  u'ords  of  text. 
7'000  graphical  illustrations,  800  maps.  250  interactive 
charts  and  tables,  8  hours  of  sounds,  and  100  animations 
and  video  clips.  And  all  this  is  packed  in  a  disk.  12  cm 
in  diameter,  1  mm  thick,  cheap  and  easy  to  store  and  to 
transport. 

In  comparison  with  paper-based  technology,  electronic 
storage  is  more  practical  and  less  expensive.  Storing  one 
megabyte  of  data  on  a  hard  disk  drive  in  personal  com¬ 
puters  costs  about  $0.15,  and  about  ten  times  less  on 
CD-ROM.  That  cost  is  actually  the  cost  of  renting  as  the 
storage  space  can  be  reused  -  something  impossible  with 
the  paper.  Note  that  one  megabyte  holds  about  700 
pages  of  text.  The  SABRE  airline  reservation  system 
stores  more  than  4*1012  characters  on  computer  hard 
disks.  It  is  a  giant  electronic  document  or  database  con¬ 
taining  information  on  flights,  hues,  bookings,  set  as¬ 
signments.  and  billing  for  hundreds  of  flights  a  day.  If 
that  information  in  were  copied  into  a  hypothetical  pa¬ 
per  reservation  book,  it  would  require  more  than  2  bil¬ 
lion  pages. 

Storage  is  getting  cheaper,  and  hard  disk  prices  have 
been  dropping  by  about  50  percent  per  year  for  the  last 
several  years.  The  hard  disk  in  my  laptop  has  1.35GB 
capacity,  an  equivalent  of  9'000  pages  of  text.  In  Janu¬ 
ary'  this  year,  IBM  has  annoimced  a  new  technology  that 
allow'S  storing  about  ten  times  more  (16.8GB)  in  the 
same  volume.  Such  disks  will  be  introduced  in  tliis 
year’s  laptop  and  desktop  computers.  Huge  data  collec¬ 
tions  and  immense  documents  related  to  spectrum  man¬ 


agement  can  thus  be  stored,  copied  and  distributed  eas¬ 
ily  and  cheaply.  Copies  can  be  made  on  different  servers 
and  one  disk-based  server  is  able  to  serve  simultane¬ 
ously  a  number  of  users.  The  extra  cost  for  each  user  is 
simply  the  cost  of  using  tire  disk  storage  for  a  short  pe¬ 
riod  of  time  and  the  communication  charge.  And  that  is 
becoming  extremely  cheep.  Some  ITU  publications 
have  been  available  in  electronic  format.  In  1998,  the 
International  Frequency  List,  terrestrial  frequency  as¬ 
signment  plans,  and  the  list  of  Space  Radiocommunica¬ 
tion  Systems  with  all  specific  data  (including  graphical 
data)  will  be  published  on  CD-ROM.  Similarly,  the 
Weekly  Circular  and  HF  Broadcasting  Schedules  and 
Summary'  of  Monitoring  Information  will  be  published. 
The  disks  will  also  contain  some  software  packages  of 
interest  to  frequency  managers.  A  CD-ROM  of  all  ITU- 
R  recommendations  in  force  will  also  be  published. 

4  ONE  SPECTRUM,  ONE 
MANAGEMENT  SYSTEM 

There  is  one  frequency  spectrum  shared  by  all  users 
around  the  world.  Consequently,  one  should  expect  one 
management  system  to  avoid  cliaosand  assure  its  ra¬ 
tional  use.  However,  the  present  spectrum  management, 
seen  from  a  global  perspective,  resembles  a  patchwork 
rather  than  an  integral  structure.  Because  of  historical 
reasons,  the  world  has  been  divided  into  many  countries 
and  the  principle  of  sovereignly  combined  with  compe¬ 
tition  dominates  over  the  globalization  trends.  Tire  ITU 
covers  only  a  part  of  spectrum  management  activities 
necessary  to  assure  global  compatibility.  It  bases  on  a 
voluntary  approach  and  on  consensus  negotiated  at  in¬ 
ternational  meetings  and  conferences.  Traditionally, 
each  such  conference  is  limited  to  issues  raised  by  indi¬ 
vidual  countries  seeking  their  own  interests,  and  nobody 
wants  to  resign  from  sovereignty. 

The  inefficiency  of  that  approach  lias  been  evidenced  by 
the  delays  mentioned  earlier,  and  also  by  a  large  number 
of  meetings.  The  1998  schedule  includes  about  hundred 
regular  meetings  of  ITU-R  Study  Groups.  Working  Par¬ 
ties  and  Task  Groups.  And  it  is  on  the  top  of  other 
meetings  by  two  other  ITU  Sectors  and  such  gatherings 
as  the  World  Telecommunication  Development  Confer¬ 
ence.  Plenipotentiary'  Conference.  World  Telecommuni¬ 
cation  Policy  Forum,  Radiocomnnmication  Assembly, 
etc.  To  that,  one  should  add  conferences  organized  by 
other  organizations  such  as  UN  conference  on  emer¬ 
gency  communications,  WTO  negotiations  on  trade  in 
telecommunications,  etc.  Participation  in  all  these  gath¬ 
erings  constitute  a  heavy  burden  especially  for  countries 
far  away  from  Geneva.  A  common  system  of  videocon¬ 
ferencing  and  common  computing  tools  could  reduce 
that  burden  and  make  the  cooperation  more  efficient. 

The  fragmentation  of  the  present  spectrum  management 
system  imposes  severe  barriers  in  cross-border  ex¬ 
change  of  sendees  and  goods.  When  moved  from  one 
country  to  another,  the  wireless  communication  sys¬ 
tems/  equipment  are  required  to  pass  through  a  series  of 
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costly  and  time-consuming  administrative  clearing  pro¬ 
cesses.  Due  to  differences  in  national  spectrum  man¬ 
agement  requirements,  such  as  frequency  allocations, 
the  equipment  lias  often  to  be  redesigned  before  it  can 
be  authorized  to  operate.  This  became  a  substantial  ad¬ 
ministrative  obstacle  in  the  development  of  global 
services  and  global  systems,  otherwise  feasible  techni¬ 
cally  and  economically. 

4. 1  ITU  COMPUTING  TOOLS 

Computers  have  been  used  heavily  in  the  ITU  head¬ 
quarters.  However,  the  ITU  hardware  and  software  has 
been  tailored  to  fulfil  only  the  tasks  that  specifically 
have  been  defined  at  relevant  conferences.  Conse¬ 
quently,  only  a  few  of  ITU  computing  tools  could  found 
a  wider  application  outside  Geneva.  When  the  head¬ 
quarters  moved  to  the  personal  computers,  more  tools 
could  be  used  also  at  national  level.  Over  the  years,  sev¬ 
eral  ITU  members  have  requested  specialized  software 
to  support  their  spectrum  management  activities.  In  late 
eighties,  tliis  author  organized  in  tlien-ITU-CCIR  a  li¬ 
brary  of  such  computing  tools.  The  idea  has  been  sup¬ 
ported  and  the  catalogue  of  software  library  ITU  lists 
today  about  a  hundred  programs,  including  copies  of 
electronic  notification  tools  created  for  use  within  the 
ITU.  However,  the  software  offered  for  that  library  is 
fragmented  and  of  limited  practical  use  outside  the  of¬ 
fering  administration.  These  are  separate  pieces  of  pro¬ 
grams,  written  in  different  languages,  to  solve  partial 
problems,  not  easily  transportable.  The  only  exception 
is  BASM,  or  Basic  Automated  Spectrum  Management 
System  developed  to  fulfil  basic  needs  of  the  developing 
countries.  A  more  sophisticated  system,  and  spectmm 
management  data  dictionaiy,  are  under  development. 
Computing  tools  of  greater  practical  value  have  not 
been  offered  for  common  use  because  of  unsolved  copy¬ 
right  and  intellectual  property  problems. 

Although  there  have  been  several  ITU  resolutions  con¬ 
cerning  the  wider  utilization  of  modern  electronic  com¬ 
munication  and  computing  tools,  and  some  progress  is 
visible,  the  status  of  computing  tools  is  still  much  below 
what  modem  technology  can  offer.  None  of  ITU  con¬ 
ferences  addressed  explicitly  the  issue  of  integration  of 
national  spectrum  management  systems  into  one  global 
system,  and  the  need  for  common  "groupware"  com¬ 
puting  tools. 

5  CONCLUDING  REMARKS 

We  have  no  control  over  the  pace  of  innovation.  Every' 
day  we  see  new  ideas,  new  products,  new  applications, 
and  new  services.  The  innovation  process  develops  fol¬ 
lowing  its  own  rules,  pushed  by  the  ingenuity  of  indi¬ 
viduals,  competition,  and  market  demand.  The  national 
spectrum  management  systems  and  supporting  com¬ 
puting  tools  have  been  created  to  serve  local  needs.  To  a 
large  extent,  they  ignored  transnational  aspects  of  use  of 


the  spectrum/  orbit  resources.  Now  separated,  in  future 
they  will  be  interconnected  and  integrated  into  one 
global  system.  Common  standards  for  "open  system 
interconnection"  will  enable  messages  and  data  flow 
easily  from  one  to  another.  The  system  will  be  "intelli¬ 
gent".  It  will  do  the  work  required  to  access  various 
information  sources.  Software  agents  will  "understand" 
the  information  needs  of  individual  users  and  automati¬ 
cally  seek  out,  retrieve  and  process  the  needed  informa¬ 
tion.  It  will  be  able  to  perform  various  complex  tasks 
mixing  multimedia,  data,  text,  image,  sound,  and  video 
with  computing. 

Opinions  have  been  expressed  at  several  occasions  that 
the  material  gathered  in  the  framework  of  ITU,  includ¬ 
ing  data  and  computing  tools,  should  be  made  accessi¬ 
ble  in  electronic  format  via  Internet,  free  of  charge  for 
ITU  members,  researchers,  etc.  The  argument  is  that  the 
material  has  been  produced  using  public  money  and  in- 
kind  contributions  and.  consequently,  it  should  remain 
in  public  domain.  The  current  ITU  copyright  and  pric¬ 
ing  policy  does  not  follow  that  nile  which  creates  addi¬ 
tional  obstacles  in  promoting  the  rational  use  of  spec¬ 
trum  -  orbit  resources.  It  is  especially  detrimental  in  the 
case  of  developing  countries,  where  flow  of  information 
is  not  so  efficient  as  in  rich  countries  and  where  more 
and  more  universities  and  other  entities  are  connected  to 
Internet.  The  current  ITU  pricing  policy  is  seen  by  many 
as  incompatible  with  the  purposes  of  the  organization.  It 
is  my  belief  that  in  the  future  tliis  policy  will  change. 

To  conclude.  I  would  like  to  quote  Vice  President  A1 
Gore,  who  said  at  the  ITU  Development  Conference, 
Buenos  Aires.  1994:  "...we  now  have  at  hand  the  tech¬ 
nological  breakthroughs  and  economic  means  to  bring 
all  the  communities  of  the  world  together.  We  now  can 
at  least  create  a  planetary  information  network  that 
transmits  messages  and  images  with  the  speed  of  light 
from  the  largest  city  to  the  smallest  village  on  every 
continent.  f  .  J  And  it  will  greatly  promote  the  ability  of 
nations  to  cooperate  with  each  other... "  It  is  up  to  us 
when  we  will  use  these  means  to  create  a  new  world¬ 
wide  spectrum  management  system. 
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1.  Overview 

Studies  throughout  Central  and  Eastern 
Europe  have  highlighted  the  importance  of 
establishing  and  developing  adequate 
telecommunications. 

In  the  particular  area  of  radio 
communications,  an  harmonised  regional  approach 
is  of  utmost  importance  due  to  the  necessary 
international  co-ordination  required  by  the 
operation  of  radio  services. 

1.1  PHARE  9511 

This  paper  is  associated  with  the  PHARE 
9511  project  which  focuses  on  the  frequency 
spectrum  management. 

Main  objective  of  the  project  is  to 
implement  a  standard  interface  software  in  order  to 
permit  exchange  of  data  and  frequency 
management  software  between  participating 
countries. 

Expressed  in  a  different  way,  one  could 
say  that,  with  the  P-Interface,  Administration  A  can 
use  its  own  compatibility  software  on  data  received 
from  administration  B  and  also  use  software 
received  from  administration  B  in  its  own 
environment. 

The  so  called  P-Interface  layer : 

•  offers  its  services  to  spectrum 
management  applications, 

•  masks  underlying  databases, 

•  provides  communications  services 
between  National  Spectrum  Management  systems. 

P-interface  allows  to  see  the  set  of  national 
databases  as  a  virtual  unique  data  base. 


1.2  Reason  for  data  exchange 

Primary  reason  for  data  exchange  between 
administration  is  the  co-ordination  process. 

This  particular  exchange  of  information  is  a 
necessity  for  technical  reasons  such  as  radio 
interference  calculations  but  also  for  other 
regulatory  issues  such  as  mutual  recognition  of 
frequency  assignments. 

1.3  Problem  of  data  exchange 

It  is  obvious  that  efficient  exchange  of 
information  necessitates  a  common  language, 
common  measurements  units,  common  way  to 
describe  radio  communications  objects. 

Variations  in  data  definitions  across  the 
different  radio  communications  services  and  the 
different  frequency  bands  complicate  the  data 
exchange  process. 

Unique  identification  of  data  elements 
throughout  participating  countries  makes  it  easier 
for  all  administrations  to  understand  the  definition 
of  terms  regardless  of  the  original  language  used  to 
define  them. 

1.4  Sharing  of  common  software 

One  of  the  major  benefit  of  the  P-Interface 
will  be  to  implement  the  same  compatibility 
calculation  program  in  different  administration. 

A  compatibility  calculation  software, 
developed  for  one  administration  will  be  portable  to 
all  other  administration. 

One  example  of  this  common  compatibility 
software  is  the  Harmonised  Calculation  Method 
(HCM).  HCM  access  to  radio  communication  data 
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for  transmitter  definition  and  to  DTM  data  for 
calculation  of  propagation  losses. 

Software  certification  is  possible  thanks  to 
the  presence  of  a  unique  Application  Programming 
Interface.  It  is  obvious  that  only  software  which  is 
not  specific  to  a  particular  Computer  System  can 
be  effectively  certified. 

In  doing  so,  the  software  development 
burden  will  be  shared  among  participating 
administrations. 

1.5  Expected  benefits 

Computer  assistance  will : 

•  assure  that  information  exchange  is 
complete  and  consistent, 

•  improve  the  accuracy  of  data  supplied  by 
administrations. 

Direct  data  exchange  between 
administrations  will  shorten  the  co-ordination 
process  with  the  final  objective  to  facilitate  radio 
services  growth  while  reducing  harmful  interference 
risks. 

2.  Proposed  concept 

2.1  Client/Server 

The  technology  proposed  for  the  solution  is 
based  on  the  Client  /  Server  concept  where  the 
relevant  data  in  national  systems  for  spectrum 
management  will  be  accessible  via  server  services. 

2.2  Container 

With  a  standard  interface  to  the  server, 
data  can  be  seen  as  being  placed  inside  a 
container  with  an  unambiguous  way  to  access  it. 

The  internal  structure  of  the  data  and  data 
storage  thus  become  irrelevant  and  invisible  for  the 
client  application. 

2.3  Advantages 

P-Interface  masks  underlying  database  in  a 
such  way  that  each  application  could  access  to  its 
own  radio  communications  data  and  those 
belonging  to  foreign  countries  in  the  same  way. 

As  an  extension  of  the  presented 
architecture,  databases  could  be  physically 
distributed  among  a  Wide  Area  Network  and 
logically  integrated  under  the  P-Interface  without 
any  modification  for  the  client  application. 

2.4  Database  access 

When  developing  a  client  /  server 
application  in  an  heterogeneous  environment,  it  is 
first  important  to  understand  what  will  be  the  low 
level  approach  to  each  database. 


As  an  implementation  of  the  software  is 
foreseen  in  eleven  countries  in  Central  and  Eastern 
Europe,  it  was  crucial  to  minimise  specific 
developments. 

ODBC  (Open  Data  Base  Connectivity)  has 
been  chosen  as  a  Standard  Interface  to  each 
database. 

2.5  ODBC 

The  ODBC  application  programming 
interface  (API)  provides  a  set  of  functions  intended 
for  use  from  different  application  environments  that 
query  a  database  server  using  Structured  Query 
Language  (SQL). 

In  ODBC,  the  user  does  not  have  to  learn  a 
database  vendor’s  proprietary  API.  He  can  use  the 
ODBC  APt  to  access  any  data  source  for  which  an 
ODBC  driver  is  available. 

3.  Principles 

Principles  of  the  P-interface  are  an 
harmonised  approach  on  the  following  aspects  : 

•  utilisation  of  a  unique  data  dictionary, 

•  definition  of  a  common  radio 

communications  database  structure, 

•  utilisation  of  a  common  map  server. 

3.1  Data  dictionary 

As  stated  previously,  one  of  the  main 
problem  in  data  exchange  is  the  unique 
identification  of  data  elements. 

In  order  for  electronic  data  exchange  to  be 
successful,  the  data  to  be  exchanged  between 
Administrations  must  first  be  agreed. 

Data  elements  used  by  the  P-Interface  will 
be  those  defined  by  the  ITU-R  Task  Group  V*. 

Every  administration  will  be  able  to 
adequately  and  correctly  identify  frequency 
management  information. 

3.2  Common  database  structure 

Each  data  element  will  be  affected  as  a 
database  attribute  to  a  radio  communication  entity 
managed  by  the  P-Interface. 

This  database  structure  will  integrate  latest 
results  of  TG  V*  and  could  be  the  reference 
towards  which  each  administration  could  evolve. 

This  organisation  is  adapted  to  take  into 
account  the  needs  of  compatibility  calculations. 

3.3  Common  map  server 

Diverging  co-ordinates  system  are  in  use 
among  participating  countries.  To  solve  this 
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problem,  P-!nterface  will  expose  a  common 
interface  to  Digital  Terrain  Data. 

P-Interface  has  retained  World  Geodetic 
System  1984  (WGS84)  as  the  reference  co¬ 
ordinates  system. 

P-Interface  will  offer  conversion  services 
between  native  co-ordinates  systems  and  the 
WGS84. 

In  'this  first  version,  associated  terrain 
database  will  use  no  projection  system  and  P- 
Interface  will  deal  only  with  elevation  information.  A 
future  extension  of  the  Digital  Terrain  Model  (DTM) 
services  will  allow  to  : 

•  manage  other  maps  such  as  morphology, 
road, ... 

•  implement  projected  data  in  different  co¬ 
ordinate  system  in  order  to  calculate 
terrain  cuts  through  borderlines. 

4.  Transport  Containers 

4.1  Purpose 

One  of  the  basic  tasks  of  the  P-Interface  is 
the  data  exchange  between  foreign 
administrations.  In  the  proposed  concepts,  data 
exchange  becomes  a  simple  act  of  sending  a 
transport  container  to  a  foreign  administration. 

Transportation  of  Container  will  be  based 
on  Internet. 

4.2  Transport  container 

Typical  scenario  is  that  data  is  forwarded  in 
the  transport  container.  This  container  is  connected 
to  the  user's  database.  On  the  client  side  of  the  P- 
Interface  no  distinction  is  seen  whether  the 
particular  data  element  is  taken  from  the  transport 
container  or  from  one  of  the  local  containers. 

4.3  Content 

In  this  first  version,  a  Transport  Container 
will  contain  only  co-ordination  data.  In  future 
extension,  digital  terrain  data  could  be  exchanged 
by  the  same  way. 

4.4  Stand  alone  database 

In  small  administrations,  a  Data  Container 
could  behave  as  a  native  database  allowing  the 
administration  to  operate  only  with  Data  Containers 
in  a  stand  alone  configuration. 


4.5  Backward  compatibility 

Throughout  the  whole  life  of  the  P- 
Interface,  the  software  will  present  a  series  of 
incremental  versions. 

If  successive  versions  should  modify  the 
structure  of  a  radio  communications  object  or  the 
structure  of  a  container  and  its  associated  transport 
files,  these  should  remain  compatible  with  earlier 
versions. 

Attempts  to  read  a  container  stored  by  a 
previous  version  may  fail  because  of  these  different 
structure. 

In  order  to  prevent  backward  compatibility, 
P-Interface  will  check  its  own  version  and  compare 
it  to  the  version  of  the  P-lnterface  who  creates  a 
transport  container. 

5.  Specific  problems  to  deal  with 

5.1  Internationalisation 

Handling  multilingual  data  includes  how  to 
input,  display,  sort  and  store  multi  lingual  texts, 
manage  date  and  time,  etc. 

P-Interface  behaves  like  a  server 
application.  Client  applications  and  native  database 
could  not  be  able  to  manage  wide  characters  set 
such  as  UNICODE.  To  solve  this  problem,  it  is 
foreseen  to  implement  a  specific  character  set 
conversion  method  in  each  country.  This 
conversion  method  will  translate  the  specific 
characters  in  the  national  character  set  into  pure 
ASCII  codes  exploitable  by  the  foreign  client 
applications. 

5.2  Heterogeneous  environment 

The  P-Interface  should  be  designed  in 
such  a  way  which  allows  for  efficient 
implementation  on  different  databases  in  a  mixed 
Unix-Windows  environment. 

In  the  PHARE  951 1  project,  it  is  assumed 
that  an  administration  will  deploy  the  transport 
containers  on  a  Windows  32  bit  platform.  This  will 
lead  to  develop  the  P-Interface  as  a  Windows 
server  which  offer  its  services  to  an  Unix  or 
Windows  client  application. 

For  the  P-Interface,  the  retained  solution  is 
based  on  CORBA.  CORBA  approach  let  us 
describe  the  P-Interface  API  in  a  common  portable 
language  :  IDL  (Interface  Definition  Language).  IDL 
provides  a  standardised  representation  of  an 
object  through  its  methods  and  attributes.  The 
object  remains  consistent  regardless  of  language 
or  platform  implementation. 

The  central  component  of  CORBA  is  the 
Object  Request  Broker  (ORB).  An  ORB  allows 
objects  to  interact  in  a  heterogeneous,  distributed 
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environment,  independent  of  the  platforms  on 
which  these  objects  reside  and  techniques  used  to 
implement  them. 

The  basic  functionality  provided  by  the 
ORB  consists  of  passing  the  requests  from  clients 
to  the  object  implementations  on  which  they  are 
invoked.  In  order  to  make  a  request,  the  client  can 
communicate  with  the  ORB  through  the  IDL  stub. 
The  stub  represents  the  mapping  between  the 
implementation  language  of  the  client  and  the  ORB 
core.  Thus  the  client  can  be  written  in  any 
language  as  long  as  the  implementation  of  the 
ORB  supports  this  mapping.  The  ORB  Core  then 
transfers  the  request  to  the  object  implementation 
which  receives  the  request  as  an  up-call  through 
an  IDL  skeleton. 

6.  Database  encapsulation 

6.1  Encapsulation 

P-Interface  should  encapsulate  the  user's 
database  in  the  way  that  the  client  sees  the 
"Standard  P-Database"  which  contains  information 
important  for  frequency  co-ordination  and 
compatibility  calculations. 

P-Interface  must  be  capable  of 
encapsulating  of  a  number  of  data  containers  in 
one  database  session. 

6.2  Flexibility 

Encapsulation  has  no  impact  on  the  native 
database  structure.  So  the  native  databases 
remain  compatible  with  all  existing  programs. 

It  is  indispensable  that  the  encapsulation  is 
achieved  in  a  flexible  manner. 

Minor  modification  of  the  native  database 
as  changing  a  table  or  a  column  name,  adding  a 
new  column,  etc.  should  be  achieved  without 
rewriting  code  and  so  without  a  software  release. 


It  is  believed  therefore  that  information 
relative  to  the  native  database  diagram  should 
correspond  to  input  parameters  of  the  P-Interface. 

6.3  Mapping  between  classes  and 
tables 

The  P-Interface  works  in  the  object  model. 
All  underlying  databases  are  relational  ones.  P- 
Interface  therefore  must  do  Object  Oriented  versus 
Relational  transformations. 

Mapping  between  the  P-Interface  object 
model  and  the  underlying  relational  model  is 
performed  at  different  levels  : 

•  first  mapping  level  corresponds  to 
mapping  between  classes  and  tables.  In  general,  a 
class  is  mapped  to  one  table.  In  the  case  where 
one  class  is  mapped  to  several  tables,  it  is 
necessary  to  define  a  join  operation  between  these 
tables. 

•  second  mapping  level  corresponds  to  the 
mapping  between  object  members  and  columns. 
One  object  member  is  generally  mapped  to  one 
column  of  a  table. 

•  third  level  corresponds  to  mapping 
between  data  types  in  the  object  and  in  the 
relational  model, 

•  last  level  corresponds  to  the  mapping 
between  units.  Data  should  be  convert  in  the  target 
unit  before  applying  type  conversion. 

7.  Conclusion 

Due  to  the  number  of  techniques  involved, 
the  problem  addressed  by  the  P-Interface  is 
considered  as  very  ambitious  and  is  further 
complicated  by  considerable  differences  in  the 
implementation  of  native  databases  across 
participating  countries. 

Achievement  of  such  a  project  within  its 
deadlines  could  be  possible  only  if  all  participants 
throughout  concerned  countries  work  tightly 
together. 
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1.  Introduction 

Frequency  spectrum  management  (FSM)  is  a  key 
element  in  the  rapidly  developing  world  of 
radiocommunications.  Advanced  tools  for 
frequency  spectrum  management  have  to  be  used 
in  order  to  accommodate  requirements  of  all  users 
of  the  spectrum  and  to  maintain  a  mutual 
electromagnetic  compatibility  between  radio¬ 
communication  systems  in  operation.  Most,  if  not 
all,  methods  used  for  interference  assessment  and 
frequency  co-ordination  are  based  on  common 
agreed  procedures  and  algorithms;  however,  their 
implementation  in  a  particular  system  seems  to  be 
a  unique  undertaking.  Resources  required  for  “re¬ 
inventing  the  wheel"  tend  to  exceed  justifiable 
limits  in  many  administrations. 

2.  Major  factors 

Frequency  spectrum  managers  operate  in  a 
turbulently  changing  environment.  Factors  having  a 
significant  impact  on  FSM  are: 

•  Congestion  of  many  parts  of  the  frequency 
spectrum; 

•  deregulation; 

•  new  telecommunication  services  and  new 
technologies. 

The  rapid  development  in  all  of  the  above  areas 
poses  new  requirements  on  FSM  concepts  and 
presents  a  challenge  in  implementing  up  to  date 
FSM  techniques.  The  computer  support  for 
frequency  management  together  with  powerful 
computation  techniques  play  a  very  important  role 
here. 


2.1  Spectrum  requirements 

The  amount  of  information  to  be  communicated  is 
constantly  increasing.  The  typical  pattern  is  that 
when  there  is  not  enough  spectrum  available  to 
satisfy  certain  needs  a  solution  is  sought  by  means 
of  enhancing  or  changing  the  transmission 
technology,  by  regulatory  means  and  in  many 
cases  by  shifting  the  service  paradigm.  Usually 
when  an  acceptable  solution  is  found  an  additional 
spectrum  need  is  already  on  the  table. 

One  of  the  tasks  of  FSM  in  this  process  is  to 
ensure  mutual  compatibility  between  services 
sharing  the  spectrum  or  occupying  adjacent 
frequency  bands  without  unnecessary  portions  of 
spectrum  being  wasted.  The  availability  of  inter¬ 
system  compatibility  analysis,  based  on  non-trivial 
assumptions,  is  one  of  the  prerequisites  of  the 
efficient  FSM. 

2.2  Deregulation 

Deregulation  in  telecommunications  is  the  most 
significant  trend  from  the  point  of  view  of  frequency 
management.  The  roles  of  the  regulator  and 
operator  are  being  consistently  divided.  The 
equilateral  triangle  with  balanced  roles  for  the 
regulator,  operators  and  the  manufacturing  industry 
is  a  generally  acknowledged  model.  This 
arrangement  is  considered  to  be  optimal  in  general 
and  appropriate  for  the  end  of  this  century. 

From  the  point  of  view  of  FSM  there  are  a  number 
of  serious  consequences  to  this  trend.  Frequency 
management  must  be  based  on  a  set  of  rules 
agreed  between  all  parts  of  the  triangle.  This  set  of 
rules  tends  to  be  quite  complex  and  the  radio 
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frequency  spectrum  aspects  are  only  one  of  many 
facets. 

For  the  efficient  use  of  spectrum  under  these 
conditions  it  is  essential  that  the  regulator  has  a 
good  engineering  insight  backed  by  appropriate 
computer  support. 

2.3  New  services  and  technologies 

Implementation  of  services  and  technologies  has 
an  ambivalent  effect  on  FSM.  On  the  one  hand  it 
helps  to  satisfy  more  communication  needs  with 
existing  resources  but  on  the  other  requires 
complex  activities  centred  around  inter-system 
compatibility  and  coexistence  problems.  Whilst  the 
intra-system  compatibility  is  guaranteed  by  the 
system  design,  the  inter-system  compatibility  can 
be  achieved  by  appropriate  defined  system 
standard  and  by  the  frequency  management 
procedures. 

The  particular  difficulty  in  including  the  spectrum 
efficiency  requirements  and  inter-system 
compatibility  elements  into  the  standard  for  a  new 
system  is  the  usual  unavailability  of  real-life 
experience  with  any  system  comparable  with  the 
proposed  standard.  Similarly  the  strategic  decision 
of  the  regulator  on  frequencies  for  a  new  service  is 
required  prior  to  deeper  experience  with  the 
system. 

A  considerable  amount  of  simulation  and  modelling 
tools  tailored  for  FSM  is  necessary  in  order  to 
implement  new  systems  in  an  orderly  manner  and 
to  ensure  spectrum  efficency  also  in  a  longer  term. 

3.  Computer  support 

Anppropriate  computer  support  is  necessary  for  all 
three  parties  of  the  above  mentioned  triangle 
industry-operator-regulator.  Unfortunately  their 
requirements  differ  fundamentally  and  lead  to  the 
need  for  specialised  software.  The  system 
manufacturer,  the  system  integrator  and  partly  the 
operator  need  to  simulate  their  system  in  great 
detail  with  a  possibility  to  study  virtually  every 
internal  aspect  of  the  system,  however,  the  inter¬ 
system  compatibility  part  is  of  lesser  interest.  In  the 
latter  case  usually  the  only  issue  is  the  conformity 
with  relevant  standards. 

For  frequency  management  purposes  the  model  of 
the  radio  environment  is  needed.  The  simulation  of 
a  particular  system  in  this  model  need  not  be  as 
deep  as  in  the  previous  case  and  the  emphasis  is 
on  the  completeness  of  the  model  and  on  inter¬ 
system  compatibility  issues. 


3.1  Ideal  system 

An  ideal  system  for  computer  support  of  frequency 
management  would  be  built  around  a  National 
Frequency  Register  database.  This  register  should 
be  scalable  and  able  to  supply  the  information 
ranging  from  a  National  Allocation  Table  at  one 
end  up  to  assignments  for  certain  services  at  the 
other  end.  Also  a  very  important  part  of  such  a 
register  is  data  on  licenses.  The  register  would  be 
augmented  by  additional  databases  including 
topographic  and  cartographic  data.  User 
programmes  would  be  clients  utilising  a  number  of 
servers  for  access  to  data  and  servers  performing 
basic  functions  e.g.  protection  ratio  estimations, 
radio  propagation  calculations,  cartographic 
transformations,  etc. 

The  interface  for  clients  should  be  using  a  Client/ 
Server  machinery  standard  for  the  platform,  e.g. 
COM  on  Wintel  platforms  as  shown  in  the  diaqram 
(Fig  1). 
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Figure  1 :  Example  of  Client/Server  system 

The  data  and  services  should  be  accessible  to  a 
number  of  users,  local  and  remote,  with  different 
levels  of  information  accessible.  The  system  must 
be  suitable  for  exchange  of  data  with  other  parties 
e.g.  in  the  process  of  international  frequency  co¬ 
ordination.  In  the  ideal  system  the  data  subject  to 
exchange  should  be  seamlessly  integrated  into  the 
data  server. 

3.2  Data  encapsulation 

Encapsulation  of  data  along  the  lines  suggested 
above  is  seen  as  essential  for  computer  systems 
for  FSM. 
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Experience  shows  that  the  diversity  of  FSM 
applications  and  their  implementations  in  practice 
makes  it  impossible  to  maintain  one  coherent  data 
model  across  all  implementations  of  one  system. 
As  a  consequence  a  number  of  diverse  databases 
in  different  formats  is  in  use  even  within  one 
organisation  together  with  an  unavoidable 
overhead  Of  conversion  programmes.  A  good, 
scaleable,  encapsulation  of  data  alleviates  this 
problem  completely. 

Encapsulation  plays  an  even  greater  role  in  co¬ 
operation  between  various  systems  for  FSM.  It  is 
not  feasible  to  require  a  universal  common  data 
model  in  all  relevant  systems  and  even  if  it  were  it 
would  be  counterproductive.  By  means  of 
encapsulation  of  various  a  virtual  database  with  a 
uniform  data  model  can  be  produced. 

One  of  benefits  of  the  encapsulation,  which  is  most 
apparent,  is  their  suitability  for  exchange  of  data  for 
instance  between  administrations  for  international 
co-ordination.  Standard  encapsulation  has  the 
potential  to  remove  the  need  for  agreeing  data 
formats  for  every  type  of  co-ordination. 

3.3  Shared  software 

The  need  to  share  engineering  software  among 
different  players  on  the  FSM  field  is  quite  obvious 
and  is  likely  to  increase  with  the  introduction  of 
new  advanced  communication  systems.  In 
particular  small  administrations  do  not  have 
enough  resources  to  develop  the  required  software 
in  house  and  the  software  is  usually  not  available 
commercially. 

A  number  of  catalogues  of  engineering  software  for 
FSM  exist,  e.g.  the  ITU-BR  Catalogue  of  Software 
to  name  the  most  important  one.  The  major 
difficulty  with  such  catalogues  is  that  all  but  trivial 
programmes  require  access  to  some  database.  In 
order  to  utilise  programmes  from  a  general 
catalogue  it  is  usually  necessary  to  re-write  the 
data  part  of  the  software.  This  makes  programmes 
from  the  catalogue  less  appealing. 

As  far  as  a  lack  of  commercial  software  is 
concerned  the  reasons  for  this  situation  are  very 
much  the  same. 

It  is  believed  that  a  suitable  standard  for  the  data 
encapsulation  can  be  defined  to  enable  the  use  of 
software  for  FSM  regardless  of  the  structure  of 
underlying  data. 


3.4  Software  certification 

The  possibility  to  use  engineering  software  for 
FSM  tasks  independently  of  the  data  format  makes 
possible  the  certification  of  this  software  by  some 
recognised  authority.  A  mentioned  in  the 
introduction  the  interaction  of  various  players  in  the 
radiocommunications  arena  is  based  on  a  number 
of  formal  rules. 

Procedures  dealing  with  the  compatibility  are 
typically  in  the  form  of  a  recommendation  (ITU-R, 
CEPT,  ...).  The  implementation  of  such  procedure 
usually  involves  software  development.  Once  the 
software  is  certified  it  could  become  part  of  a 
recommendation  including  all  implications. 

4.  Implementations 

4.1  Computer  platforms 

The  concept  of  an  “ideal  system”  for  FSM 
suggested  above  corresponds  very  well  with 
current  trends  in  computer  technology.  It  suggests 
a  multi-tier  architecture  with  suitably  thin  clients. 

The  example  in  Figure  1  shows  a  typical  situation 
for  the  Win32  platform  where  the  Client/Server 
communication  is  based  on  OLE2/COM  standard. 
The  implementation  in  a  simple  environment  is 
straightforward.  Also  considering  DCOM  a  full 
functionality  in  a  distributed  environment  can  be 
foreseen. 

The  biggest  hurdle  in  turning  existing  PC  system 
for  FSM  into  this  architecture  is  a  proper 
encapsulation  of  the  database. 

In  a  pure  UNIX  environment  a  complete  analogy  to 
the  example  in  Figure  1  could  be  developed  using 
object  brokers  such  as  CORBA.  However,  the 
potential  of  exchanging  encapsulated  data  and  of 
sharing  software  in  a  UNIX  environment  does  not 
seem  high  enough  to  encourage  the  development. 

The  most  difficult  situation  to  be  encountered  in 
FSM  practice  is  probably  a  mixed  UNIX/Win32 
environment  with  databases  on  UNIX  servers, 
most  users  with  Win32  clients  and  with  power 
users  utilising  UNIX  workstations.  Recent  studies 
indicate  that  a  feasible  implementation  could  be  a 
Win32  middleware  communicating  with  UNIX 
clients  through  a  CORBA  layer.  In  the  near  future 
also  a  COM  is  expected  to  be  able  to  work 
between  these  two  platforms. 

The  rule  that  the  UNIX  environment  is  more 
suitable  to  mission  critical  applications  and  for 
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large  systems  whilst  Windows  platforms  fit  for 
small-scale  applications  is  no  longer  indisputable. 
The  current  trend  “Windows  everywhere”  will 
probably  not  be  sustained  in  the  longer  term, 
however  it  gives  a  straightforward  indication  when 
developing  a  new  system  from  scratch. 

The  most  important  fact  from  the  FSM  computer 
systems  point  of  view  is  that  the  architecture  of 
either  system  (components  and  objects)  is 
compatible  with  the  concept  presented. 

4.2  Large  UNIX  data-oriented  systems 

One  archetype  a  of  national  system  for  FSM  that 
can  be  found  in  bigger  countries  is  using  a  large 
database  distributed  over  a  network  of  UNIX 
computers.  A  couple  of  hi-tech  engineering 
applications,  which  are  available  on  workstations, 
usually  does  not  suffice  and  therefore  a  number  of 
Wn32  clients  are  also  installed  for  engineering 
applications. 

The  development  of  such  a  system  is  a  substantial 
undertaking  with  a  considerable  inertia.  It  is 
believed  that  data  encapsulation  and  the 
introduction  of  a  common  interface  could 
considerably  speed  up  and  enhance  the 
development  of  the  engineering  part  of  the  system 
without  substantial  impact  on  the  data  part. 

4.3  Redesigned  PC  systems 

A  number  of  MS-DOS  based  systems  developed  in 
the  eighties  are  now  being  redesigned  for  the 
Wn32  platform.  Quite  naturally  in  most  cases  the 
result  is  component-oriented  and  more  or  less 
corresponds  to  Figure  1 . 

Experience  shows  that  the  overhead  of  completing 
such  systems  with  standard  encapsulation  is  not 
serious  and  that  the  encapsulation  can  be 
accomplished  in  the  course  of  an  upgrade. 

4.4  Terrain  data  aspects 

The  inclusion  of  topographical  and  geographical 
(DTM)  data  into  engineering  FSM  applications  is 
necessary  for  all  but  the  most  trivial  tasks.  While 
the  data  model  of  DTM  is  simple  and  more  or  less 
identical  in  virtually  all  implementations, 
complications  arise  from  the  use  of  numerous 
geodetic  systems  and  projections  and  from 
differing  spatial  resolution. 


Despite  considerable  efforts  to  standardise  DTM 
data  formats,  at  least  for  certain  applications,  the 
prospects  for  embarking  on  a  region-wide 
homogenous  database  are  low.  The  promising 
solution  is  the  virtualisation  of  terrain  data  by 
encapsulating  “maps”  into  DTM  servers  with  a 
standard  interface.  This  encapsulation  presents  a 
programming  challenge  because  of  the 
performance  requirements.  Recent  implementation 
of  a  DTM  server  demonstrates  that  neither  its 
architecture,  nor  its  performance,  need  to  be 
compromised. 


4.5  Multinational  environment 

A  study  investigating  the  suitability  of  encapsulated 
data  for  data  and  software  exchange  between 
administrations  was  performed  within  the  PHARE 
programme. 

An  implementation  of  the  software  encapsulating 
existing  databases  in  11  participating  countries 
from  Central  and  Eastern  Europe  into  data 
containers  and  combining  them  with  “transport” 
containers  is  in  progress. 

The  encapsulation  of  existing  databases  in  a  way 
which  is  completely  transparent  to  all  existing 
applications  presented  a  real  challenge  for 
software  designers,  but  the  requirement  for  a  non- 
invasive  solution  was  indisputable. 

In  order  to  allow  the  connection  of  one  or  more 
transport  containers  to  one  or  more  local  data 
containers,  machinery  combining  data  containers 
into  a  coherent  database  was  worked  out.  It  turned 
out  that  the  usefulness  of  such  “multi-container 
oriented  database”  goes  far  beyond  the  original 
objective. 


5.  Conclusion 

This  review  of  the  current  situation  in  FSM  with 
respect  to  the  computer  support  suggests  that  a 
computer  technology  is  available  which  has  a 
considerable  potential  and  which  might  help  to  fulfil 
enormous  tasks  FSM  is  facing.  The  concept  of 
data  encapsulation  is  presented,  which  can 
address  a  number  of  problems  stemming  from  the 
specific  role  of  FSM  in  a  de-regulated  environment. 
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Increasing  number  of  radiocommunication  services 
( mobile ,  DAB,  DVB,...)  and  stronger  and  wider  co¬ 
operation  requirements  in  90'  lead  to  new  activities 
in  frequency  spectrum  management  software. 

New  software  technologies  (OLE,  DCOM, 
component-based  multi-tier  applications)  bring  new 
possibilities  in  software  development  -  building 
scalable,  distributed  systems  from  components, 
encapsulating  low  level  implementation  (database 
engine),  functionality  (relational  data  structure, 
SQL)  and/or  standardised  algorithm 
implementation  (Vienna...).  Rapid  Application 
Development  techniques  based  on  powerful  server 
components  enables  more  effective  building  FSM 
software  and  easy  tracking  system  requirement 
changes  and  extensions. 

Advantages  of  new  software  architecture 
presented  on  set  of  components  for  accessing 
DTM  data  (Digital  Terrain  Model)  and  related 
services  will  be  presented  together  with 
performance  results  and  shorts  demonstration  of 
component  usage  from  MS  Excel  VBA 
environment. 


1.  Introduction 

Frequency  Spectrum  Management  systems  (FSM) 
are  complex  software  systems  that  should  solve 
several  complex  and  computation  intensive 
problems:  database  task  (radiocommunication  data 
management,  other  related  data  storage  and 
management  -  terrain  data,  morphology, 
measured/estimated  field  strength  etc.), 
computation  task  (lagre  interference  scenarios, 
network  planning,...)  and  need  to  be  equipped  with 
powerful  visualisation  tools  to  see  computed  results 
(radiocommunication  objects,  terrain  profile, 


coverage  curves,  field  strength,  quality  criteria 
e.t.c.)  in  context  of  terrain  data,  morphology  and/of 
raster  or  vector  map  data.  Such  systems  consume 
much  computer  resources  (CPU,  memory,  disk 
space  and  video  operations).  In  the  past  -  in  MS- 
DOS  days,  UNIX  platform  with  SUN  like 
workstations  was  typical  platform  having  enough 
capacity  and  computation  power  for  these  systems 
with  graphic  capabilities  for  requested  visualisation 
systems. 

Now,  typical  PC  workstation  equipped  with 
PentiumPro  od  Pentiumll  CPU,  64M  RAM  or  more, 
powerful  graphic  subsystem  running  Windows  NT 
offers  comparable  computational  power  and 
resource  capacity,  comparable  software 
environment  (networking,  multiprocessing,  multi¬ 
user,  virtual  objects...)  for  a  significantly  lower 
price. 

Another  important  point  is  current  state  of  software 
technologies.  Win32  development  platform  brings 
the  solution  of  nearly  all  important  requirements, 
which  were  not  implemented  or  not  robust  enough 
on  MS-DOS  or  Win16  systems:  flat  memory  model 
(no  64K  segments),  virtual  memory  management, 
symmetrical  multiprocessing,  security,  networking 
and  others.  After  general  adoption  of  Win32 
platform  with  Windows  NT  release,  OLE 
technologies  (Object  Linking  and  Embedding) 
became  the  engine  of  further  software  technology 
development. 

Why  OLE  technologies  are  so  important?  OLE  as  a 
part  of  operating  system  brings  large  support  for 
solving  very  general  software  problems: 

•  object  orientation  in  large  sense 
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OLE  promoted  OOP  (Object  Oriented 
Programming)  techniques  from  development 
environment  frame  (classes  in  C++)  into  binary 
objects  even  distributable  on  network.  Mutual 
object  communication  (client-server 

communication)  is  now  not  restricted  into  one 
application,  one  programming  language,  one 
workstation. 

•  development  platform  independence 

OLE  components  can  be  created  in  many  popular 
development  environments  and  languages 
(Microsoft  and  Borland  C/C++,  Visual  basic,  Turbo 
Pascal,  Delphi,  Java,  ...).  OLE  components  can  be 
driven  from  scripting  languages,  too.  Simple  tasks 
can  be  solved  using  VBA  in  MS  Office  applications 
or  using  VB  script  in  HTML  document.. 

•  system  scalability 

Scalability  means  the  way  to  reconfigure,  extend  or 
(the  worst  case)  rewrite  whole  system  to  support 
more  users,  more  data  requests,  more 
computations,  distributed  environment  etc.  Current 
support  for  multi-tier  applications  (Microsoft 
Transaction  Server)  allows  component  distribution 
over  the  network  without  any  modifications  in 
component  code. 


2.  DTM  services  in  FSM  systems 

Following  services  are  generally  used  by  most 

FSM  systems: 

•  get  point  -  station  oversee  height 

•  get  profile  -  attenuation  computing,  field 
strength  computing 

•  get  set  of  profiles  -  group  of  profiles  starting 
from  the  same  point  -  effective  height,  delta  h 
computing 

•  get  square  data  -  data  in  rectangular  (or 
pseudo-rectangular)  area 

•  profile  visualisation  (graph)  with  signal 
propagation  (Fresnel  curve) 

•  square  data  visualisation  (topographic  map) 

There  are  several  levels  of  DTM  service  access 

differing  in  the  amount  of  accessed  data 

•  single  transmitter  field  strength  evaluation  with 
no  interference  -  one  set  of  profiles  (typically 
360  profiles  in  Ideg  increment) 

•  interference  evaluation  -  typically  10  to  100 
interferes  x  360  profiles 

•  network  with  interference  -  100  interfered 
transmitters 


It  is  obvious  that  there  is  a  big  influence  of  DTM 
subsystem  performance  on  whole  computation 
time  and  so  there  is  strong  requirement  on  profile 
constructing  performance. 

3.  DTM  server 

DTM  server  is  a  key  component  of  whole 
architecture,  strong  performance  requirements 
lead  to  a  request  to  optimise  following  problems: 

3.1  Input  data  storage 

HCM  files  (TOPO  data)  cannot  be  used  for  direct 
data  access  keeping  performance  on  requested 
level  (data  block  is  too  big  for  efficient  caching,  file 
format  and  directory  structure  need  further 
processing  for  DTM  data  access),  DTM  data  from 
HCM  files  were  converted  into  database.  Optimum 
DTM  data  block  (tile)  was  found  by  dividing  1  x  1 
deg  square.  Microsoft  Access  8.0  and  DAO  3.5 
(Data  Access  Objects)  were  used  as  physical 
database  representation. 

3.2  Data  caching 

The  most  time  consuming  operation  in  the  whole 
profile  constructing  process  is  reading  data  from 
it's  storage.  Keeping  DTM  data  blocks  in  memory 
can  significantly  improve  server  performance, 
especially  for  typical  task  reading  set  of  profiles 
starting  from  the  same  point  (for  field  strength 
evaluation).  Neighbouring  profiles  are  usually 
stored  in  the  same  tiles  and  so  no  database  access 
is  required,  when  appropriate  number  of  tiles 
resides  in  cache  memory. 

3.3  Profile  evaluation 

The  input  data  are  organised  into  rectangular 
matrices  (tiles)  containing  elevation  data  in  raster  3 
x  3  seconds  (below  50  degrees  Lat)  or  3  x  6 
seconds  (above  50  degrees) 

Profile  evaluation  consists  from  following  steps: 

•  creating  the  main  circle  crossing  profile  end 
points 

•  creating  set  of  equidistant  profile  points 

•  evaluating  elevation  values  by  compiling  data 
from  tiles  covering  requested  profile 

From  practical  point  of  view,  nearest  value  from 
DTM  data  matrix  is  taken  as  appropriate  profile 
value. 


4.  Computation  server 

This  component  encapsulates  computation 
algorithms  commonly  used  in  FSM  systems: 
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•  Field  strength  evaluation  (broadcasting 
problem) 

•  Signal  propagation  attenuation  (microwave 
links) 

•  terrain  statistics  computation  -  effective  height, 
clearance  angle,  delta  h,  visibility  e.t.c. 

Computation  server  (RA)  database  contains 
sampled  propagation  curves  and  other  algorithm 
constants,  which  are  expected  to  change  in  the 
future. 

5.  DTM  subsystem  architecture 

DTM  server  described  in  previous  chapter 
implements  core  functionality  on  DTM  data. 
Because  of  existence  of  HCM  data,  there  is  no 
problem  with  connecting  different  blocks  of  DTM 
data  presented  in  different  formats  and  different 
co-ordinate  systems.  This  is  not  true  for 
morphology  data,  where  different  data  sources  in 
different  co-ordinate  systems  can  be  expected. 


Whole  architecture  is  presented  on  following 
picture: 


Fig.  1  -  DTM  Subsystem  Architecture 


First  level  servers  are  encapsulated  into  DTM 
Manager  object,  which  is  the  main  interface  with 
client  applications.  DTM  manager  is  responsible  for 
following  services: 


DTM  Manager  is  implemented  as  InProc  OLE 
server  with  dual  interface  for  minimum  OLE 
communication  overhead. 

DTM  and  MO  servers  are  typical  client/server 
components  -  for  a  simple  request  (definition  of  2 
points),  a  large  amount  of  data  should  be 
processed  (tiles  reading,  profile  constructing)  and 
small  amount  of  data  (typically  square  root  of  the 
amount  of  processed  data)  is  returned. 

Distributed  configuration  shown  in  Fig.  2  is  a  good 
example  of  a  component  based  system  scalability. 
Clients  on  remote  PCs  can  use  all  DTM  services  in 
the  same  way  as  for  single  PC  configuration  saving 
local  disk  space  for  large  DTM  databases  and 
saving  local  CPU  time  for  profile  constructing. 


Fig.  2  -  DTM  Subsystem  Distributed 
Architecture 


•  co-ordinate  transformation  between  input  co¬ 
ordinate  system  (e  g.  S42  LonLat)  into  DTM 
native  co-ordinate  system  (WGS84)  or  native 
co-ordinate  system  used  by  morphology  data 
servers. 

•  co-ordinate  transformation  between  input  co¬ 
ordinate  system  and  services  implemented  in 
Algorithm  server  (e.g.  GetFieldStrength(...) 
method) 

•  compilation  of  morphology  data  from  servers 
operating  on  different  data  sources 

•  local  (InProc)  interface  for  distributed 
installation 


6.  Performance  results 

Performance  results  were  measured  for  5  typical 
tasks  -  single  profile  (20  and  50  km  long)  with  100 
m  step  and  set  of  profiles  (20,  50  and  100  km  long) 
starting  from  the  same  point  with  azimuth 
incremented  by  1  degree.  First  and  successive 
profile  read  were  evaluated  separately  to 
demonstrate  power  of  DTM  caching  algorithm. 
Results  for  three  system  configuration  are 
presented  in  following  tables.  In  Tab.  1,  DTM 
components  are  running  in  client  application 
address  space  with  minimum  OLE  communication 
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overhead.  Results  for  DTM  components  running  in 
separate  address  space  in  Microsoft  Transaction 
Server  but  on  the  same  computer  are  presented  in 
Tab.  2.  Finally,  results  for  distributed  solution, 
where  DTM  components  are  running  in  MTS  on 
server  computer  are  summarised  in  Tab.  3. 


Tested  profile 

FW?ti«50pCt:| 

Single  20  km/1 00m  step 

5  ms 

1  ms 

Single  50  km/1 00m  step 

8  ms 

2  ms 

Set  20  km/100  m/1  0 

1643  ms 

441  ms 

Set  50  km/100  m/1  ° 

3155  ms 

921  ms 

Set  100  km/100  m/1  0 

18436  ms 

1823  ms 

Tab.  1  -  DTM  server  in  client  address  space 


Tested  profile 

First  read 

Next  read 

Single  20  km/1 00m  step 

3  ms 

2  ms 

Single  50  km/1 00m  step 

9  ms 

4  ms 

Set  20  km/100  m/1  ° 

1392  ms 

901  ms 

Set  50  km/100  m/1  ° 

2914  ms 

1412  ms 

Set  100  km/100  m/1  0 

17145  ms 

2363  ms 

Following  lines  illustrates  profile  accessing  from 
VBA  (MS  Excel  97). 

Dim  oDTMMgr  as  Object  '  object  variable 
Dim  vaProfile  As  Variant  'profile  variable 


Set  oDTMMgr  =  New  DTMManager.dsMgr  '  create 

object 

Call  oDTMMgr.SetlnputCoondSystem(l)  '  1  =  S42  LonLat 
Call  oDTMMgr. GetProfile(1 5,  SO,  15.1,  50.1,  100,  vaProfile) 

For i  =  0To  UBound(vaProfile) 

Range("Profile").Offset(i)  =  vaProfile(i)  ‘display  profile 
values 
Next  i 

8.  Conclusion 

Component-based  approach  can  bring  a  real 
benefit  for  creating  FSM  systems  on  Win32 
platform  especially  in  development  speed, 
performance,  component  reusability  and  system 
scalability  in  comparison  with  traditional  approach. 


Tab.  2  -  DTM  server  in  MTS  on  client  PC 


Tested  profile 

Next  read 

Single  20  km/1 00m  step 

6  ms 

5  ms 

Single  50  km/1 00m  step 

9  ms 

6  ms 

Set  20  km/100  m/1  ° 

2083  ms 

1532  ms 

Set  50  km/100  m/1  ° 

3866  ms 

2133  ms 

Set  100  km/100  m/1  ° 

16484  ms 

4426  ms 

Tab.  3  -  DTM  server  in  MTS  on  server  PC 


DTM  components  were  tested  on  180  MHz 
PentiumPro  PC  with  64M  RAM  running  Windows 
NT  Workstation  4.0.  The  same  PC  configuration 
was  used  as  a  server  PC  (for  distributed 
configuration)  connected  by  100  MHz  Ethernet. 
Performance  results  illustrates  scalability  feature  of 
DTM  components:  average  50km  profile  access 
time  2.5  ms  in  local  installation  is  increased  slightly 
mode  than  2  times  (6  ms)  by  moving  DTM 
components  on  server  computer. 


7.  DTM  service  usage 

DTM  server,  similar  to  all  OLE  components  can  be 
easily  accessed  from  most  popular  development 
environments  -  Microsoft  Visual  C++,  Borland 
Delphi,  Microsoft  Visual  Basic,  VBA  from  Microsoft 
Office  applications,  VB  script  on  HTML  pages  and 
others. 
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1  Introduction 

The  Czech  Telecommunication  Office  (CTO)  which 
is  charged  with  regulation  of  radiocommunications 
in  a  rather  small-size  country  employs,  in  national 
frequency  spectrum  management  (FSM), 
exclusively  PC  compatible  computers.  The  PCs  are 
capable  to  fully  cover  all  current  and  foreseen 
requirements.  As  far  as  relevant  software  is 
concerned,  the  conditions  change  quite 
dramatically.  The  CTO  ,  until  recent  past,  was 
employing  a  number  of  single-purpose  software 
products  running  under  MS-DOS  which  had  weak 
mutual  system  coupling.  Fast  deployment  of 
existing  telecommunication  services,  together  with 
the  implementing  of  new  services,  has  forced  basic 
software  innovations,  the  description  of  which 
along  with  first  observations  of  applying  them  are 
the  contents  of  this  contribution. 

2  The  new  generation  of  FSM 
software 

2.1  Structure  of  the  FSM  software 

The  new  generation  of  FSM  software  is  designed  in 
Win32  environment  and  is  composed  of 
components  in  the  Client-Server  architecture.  This 
solution  is  updated  to  the  maximum  extent 
possible;  it  brings,  on  the  one  hand,  initial 
investment  which  is  really  bulky  but,  on  the  other 
hand,  in  the  long-term  outlook,  is  utmost  rational 
and  brings  considerable  expense  reduction.  When 
implementing  new  services,  it  only  takes  to  extend 
the  functions  of  relevant  servers  to  new  elements 
not  used  by  then,  which  are  typical  for  the  service 
in  question.  Realising  new  applications  based  on 


stand-by  components  is  rather  easy  then,  and  thus 
less  costly. 

In  designing  the  software,  conclusions  of  ERC- 
PT13  “Computer  support  for  spectrum 
management"  were  taken  into  account.  The 
principles  set  down  in  the  preparatory  phase  of  the 
PHARE  9511  Project  the  objective  of  which  is  to 
realise  a  software  product  implementing  the 
common  interface  to  FSM  data,  so  called  P- 
Interface  were  also  fully  respected  from  the  outset. 
In  1995,  the  development  of  an  entirely  new 
system  for  microwave  links  had  begun.  In  1996, 
realisation  of  the  software  for  broadcasting 
services  called  KoPRT  had  started  and  its  Version 
1.6  has  just  been  completed. 

2.2  Components 

Individual  components  which  constitute  the  system 
are  designed  in  such  a  way  that  they  can  be  used 
utmost  universally  in  the  framework  of  the  system 
while  not  excluding  their  stand-alone  applications. 

2.2.1  Data  Server 

Data  server  is  capable  of  autonomous  functioning 
and  includes  all  functions  related  to  administering 
and  utilisation  of  the  databases.  The  data  structure 
is  rather  complex  The  data  server  of  the  new 
system  makes  it  possible  for  every  new  transmitter 
to  keep  several  sets  of  parameters  (unlimited  in 
number)  e.g.  data  co-ordinated  in  parallel  with 
actual  operational  data  of  the  transmitter.  For 
example,  actual  antenna  radiation  diagrams  and 
ERPs  within  a  certain  set  could  differ  considerably 
from  those  which  have  been  co-ordinated.  Each 
parameter  in  the  database  also  bears  its  history, 
i.e.  information  on  its  previous  values  is  saved 
together  with  the  date  and  reason  of  the  change. 
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The  Data  Server  co-operates  with  the  DTM  Server 
in  inserting  topographic  heights  of  given  sites  and 
in  calculations  of  effective  heights  and  roughness 
factors  of  the  terrain.  In  addition,  it  is 
interconnected  with  the  Map  Server  by  means  of 
which  any  transmitter  can  be  displayed  on  the  map 
and  its  geographical  co-ordinates  edited. 

An  important  feature  of  the  Data  Server  is  the 
possibility  of  sorting  and  selection  according  to 
chosen  parameters,  furthermore  forming  various 
sets  of  transmitters  (e  g.  according  to  the  program 
transmitted  or  SFN  network)  and  displaying  them 
by  means  of  the  Visualisation  Server.  The  Data 
Server  also  caters  for  printing  output  printouts  and 
co-ordination  forms  as  well  as  for  data  export  for 
other  purposes  (e.g.  export  of  TV  transmitters  data 
into  the  CEPT  database  according  to  the  Chester 
97  agreement. 

2.2.2  DTM  Server 

The  DTM  Server  operates  on  the  basis  of 
topographic  data  transferred  from  TOPO-files  as 
defined  in  the  Vienna  Agreement.  The  Czech 
Administration  has  at  its  disposal  topographic  data 
of  all  of  its  neighbouring  countries  with  which  it  had 
exchanged  the  data.  The  DTM  Server  opens  its 
clients  access  to  topographic  data;  moreover,  it 
provides  a  number  of  functions  related  to  terrain 
analysis.  As  a  rule,  the  client  directly  applies  for  the 
analysis  of  the  terrain  profile,  effective  height  in 
given  direction,  signal  attenuation  etc.  The  DTM 
issue  is  dealt  with  in  another  contribution. 

2.2.3  Map  Server 

The  basic  function  of  the  Map  Server  is  working  out 
tasks  on  topographic  maps  in  raster  format  u 
(BMP).  The  Server  offers  to  display  a  given  site  or 
the  line  connecting  two  sites  (radio  relay  link)  in  the 
map,  to  change  positions  of  the  sites  and  to 
transfer  new  co-ordinates  into  a  given  application. 
At  present,  a  set  of  military  topographic  maps  of 
the  Czech  Republic  (scale:  1:100  000)is  in  use, 
with  the  possibility  of  zooming  the  scale  in  the 
range  from  1  :  25  000  do  1  :  200  000.  It  is  foreseen 
to  open  the  possibility  of  other  scale  values(in 
addition,  maps  in  scales  1:50000  to  1:200000  are 
available),  however,  it  is  felt  that  this  is  not 
necessary  because  the  maps  having  the  scale  1  : 
100  000  fully  meet  given  purpose  and  required 
precision.  Users  highly  appreciate  including  the 
Map  Server  into  the  system  because  it  fully 
replaces  former  working  with  maps  printed  on 
paper. 

2.2.4  Visualisation  Server 

Visualisation  Server  is  a  universal  tool  for 
displaying  input  data  and  results  of  calculations. 
Several  layers  can  be  displayed:  transmitter  sites, 
coverage  curves,  results  of  calculations  of 


coverage  from  individual  transmitters  or  by  an 
entire  network;  the  data  displayed  may  become  an 
overlay  over  topographic  or  morphologic  data. 
Boundaries  of  countries,  administrative  units,  co¬ 
ordinates  network  etc.  can  also  be  displayed.  It  is 
possible  to  overlay  a  map  with  the  results  of 
several  calculations  at  the  same  time. 

2.2.5  Functionality  Server 

This  Server  offers  its  clients  a  number  of  services 
above  all  of  computing  nature.  As  an  example,  the 
calculation  of  electromagnetic  field  strength  may  be 
carried  out  using  four  various  methods,  including 
the  HCM  (  Vienna  Agreement )  method,  the  choice 
depending  on  the  user 

2.3  The  KoPRT  Program 

The  KoPRT  Program  is  a  typical  representant  of 
the  new  computer  system.  It  is  intended  for 
broadcasting  and  serves  in  projecting  and 
international  co-ordinations  of  transmitters  and 
networks  of  analogue  and  digital  television  and  FM 
radio.  Extension  for  T-DAB  is  foreseen  to  be 
completed  soon.  Its  basic  calculation  functions  are: 

•  calculation  of  interference  of  a  given 
transmitter  by  other  transmitters  in  the  network 

•  influence  of  changes  to  a  transmitter  or  of 
including  a  new  transmitter  on  remaining 
transmitters  in  the  network 

•  calculation  of  coverage  of  a  territory  with  a 
transmitter  network 

•  project  and  analysis  of  SFN  networks  (in 
preparation) 

The  attached  figure  shows  an  example  of  graphic 
output  of  the  calculation  of  the  coverage  of  a 
simple  TV  network. 

3  Experience  with  the  new 
component  based  system 

Experience  with  replacement  of  existing  frequency 
management  programs  with  a  new  component 
based  system  run  by  the  Czech  Administration  can 
be  divided  in  two  parts:  the  influence  of  the  new 
system  on  its  user,  and  its  influence  on  the 
concept  of  frequency  management  itself. 

3.1  The  influence  of  the  new  system  on 
its  user 

Users  of  computer  systems  are  relatively 
conservative,  and  are  not  in  favour  of  changes 
even  when  the  changes  aim  at  getting  things 
better,  regarding  mastering  the  system  and  its 
functionality.  In  designing  new  systems,  this  reality 
is  to  be  regarded,  and  co-operation  with  future 
users  is  strongly  recommended.  Among  great 
advantages  of  new  systems  is  the  intuitiveness  of 
their  control.  The  position  of  the  user  who  has 


671 


basic  knowledge  in  using  e.g.  MS  Office  is  fairly 
facilitated  here. 

The  users  got  acquainted  with  the  new  sytem  very 
quickly  and  started  its  immediate  application.  The 
authors  of  the  system  keep  close  contact  with  its 
users  and  respond  quickly  on  their  observations 
and  suggestions  as  for  the  system  management 
and  its  functions.  However,  a  certain  danger  occurs 
here.  Users  of  such  a  sophisticated  system  tend  to 
require  from  the  computer  support  even  solutions 
of  such  tasks  which  come  under  their  decision 
making  competency.  It  should  be  borne  in  mind 
that  the  mission  of  computer  support  is  to  facilitate 
the  work  of  frequency  managers  but  computer 
support  can  never  replace  them.  The  idea  of  an 
undergraduate  girl-clerk  equipped  with  top  level 
software  who  would  master  complex  tasks  in 
planning  frequencies  is  entirely  wrong. 

3.2  Influence  on  the  concept  of 
frequency  management  itself 

More  relevant  is  the  influence  of  the  new  software 
on  the  concept  of  frequency  management  itself. 
New  software  is  designed  to  work  in  a  network;  all 
applications  are  interconnected  and  share  all  data 
which  is  determined  to  be  common.  Problems 
begin  to  emerge  here.  The  old  software  used  to 
store  data  for  individual  services  in  autonomous 
databases.  Therefore,  we  often  met,  as  a  typical 
example,  the  case  when  certain  transmitter  site, 
physically  one  and  the  same,  had  two  different 
names  for  TV  and  for  FM,  and,  which  case  was 
even  worse,  its  dual  geographical  co-ordinate 
differed  from  each  other.  Checking  all  databases, 
unification  of  names,  co-ordinates  and  other 
common  data  appeared  to  be  the  primary 


precondition  for  implementation  of  the  new  system. 
There  is  no  need  to  underline  that  this  work  is 
pretentious  and  lengthy.  However,  the  result  is  a 
consistent  database  containing  a  minimum  of 
erroneous  data. 

Implementing  new  software  brought  with  it,  no 
doubt,  a  number  of  organisational  changes  and 
changes  of  run-in  procedures  in  frequency 
management.  However,  with  the  system  being  in 
operation  for  some  time,  one  may  clearly  see  that 
the  implementation  of  the  new  software  system  has 
a  deep  influence  on  ameliorating  the  procedure  in 
its  entirety,  and  made  it  possible  to  work  with  new 
services  as  e.g.  DVB  which  the  ancient  system 
would  not  master  at  all. 

4  Conclusion 

It  may  be  stated  as  a  concluding  observation  that 
the  experience  with  utilising  new  software  for 
frequency  spectrum  management  are  fairly  good. 
Above  all,  the  users  appreciate  very  efficient  tools 
for  database  management  including  all  visualising 
utilities  and  working  with  maps.  In  the  day-by-day 
practice,  the  user  spends  much  more  time  on  data 
organising  than  on  calculations  themselves.  At 
present,  this  holds  prevailingly  with  respect  to  DVB 
planning  process  based  on  the  CHESTER  97 
Agreement.  A  further  major  step  forward  will  be  the 
implementation  of  the  P-interface  and  data 
containers  supplied  in  the  framework  of  the 
PHARE  951 1  Project  which  will  make  an  easy  data 
exchange  possible  and,  as  case  may  be,  make 
possible  software  exchange  among 
administrations.  The  concept  has  been  realised, 
and  theoretical  assumptions  have  been  confirmed. 
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1.  INTRODUCTION 

A  frequency  management  system  is 
something  that  de  facto  exists  in  any  national 
radiocomunication  regulating  institution.  The  level 
of  automation  in  such  system  may  be  varying 
widely,  from  a  paper-based  one  to  a 
comprehensive  computer-based  system, 
supporting  virtually  all  relevant  tasks  and  activities 
of  such  institution.  The  problem  of  building  a 
computer-based  system  for  this  purpose  becomes 
more  complex  as  the  amount  of  work  to  be 
supported  increases  and  when  the 
radiocommunications  technology  itself  evolves. 

2.  FREQUENCY  MANAGEMENT  VS  SPECTRUM 
ENGINEERING 

A  national  Frequency  Management  System 
is  the  tool  designed  to  support  essential  activities 
of  the  radiocommunications  national  regulator.  It 
has  to  be  stressed  that  the  regulator's  tasks 
although  seem  to  be  similar  to  frequency 
engineering  performed  by  a  radiocommunications 
operator  are  in  fact  quite  different. 

2.1.  Operator’s  needs 

For  the  operator  the  most  important  aim  of 
computer  support  is  to  aid  for  system  planning, 
operability  analysis,  assessment  of  coverage, 
quality  of  signal.  Once  the  service  is  running  the 
cost  and  resources  management,  system 
maintenance  and  upgrades  become  the  crucial 
tasks,  put  aside  the  billing  system  which  is  usually 
very  complex. 

In  some,  rare  cases  the  operator  has  the 
responsibility  of  co-ordinating  his  service  with 
other  domestic  or  neighbour  country  spectrum 
users. 

Broadly  speaking  the  operator  is  interested 
mainly  in  engineering  tasks  and  in  management  of 
internal  resources. 


2.2.  Regulator’s  needs 

On  the  other  hand  the  regulator’s 
responsibility  is  built  around  the  licensing  process. 
The  database  gathering  the  information  of 
spectrum  use  in  all  radiocommunication  services 
has  to  be  complemented  with  a  comprehensive 
database  of  spectrum  users  and  issued  licences. 
The  regulator  is  interested  in  many  non-technical 
aspects  as  the  user's  legal  status,  the  user's 
activities  in  other  fields  of  radiocommunication, 
different  kinds  of  business  information  regarding 
financial  relations  between  the  regulator  and 
spectrum  users.  To  assess  the  possibility  of 
issuing  a  licence  the  regulator  needs  also  the 
relevant  type  approval  information. 

3.  REQUIREMENTS  FOR  A  NATIONAL 
COMPUTER-BASED  FM  SYSTEM 

3.1.  General  requirements 

There  are  features  which  have  to  be  required 
for  any  fairly  big  business-supporting  system. 
Required  for  a  national  FM  system  they  influence 
the  choice  of  it’s  proper  technical  architecture: 
The  most  important  of  them  are: 

•  robustness, 

•  scalability, 

•  multi-user  support, 

•  trackability  of  important  data  changes, 

•  support  for  distributed  environment  (central  and 
regional  functions  and  data,  data  consistency), 

•  well  defined  interfaces  to  some  other 
applications  (in  this  case  to  spectrum 
engineering  software  and  for  input  of  spectrum 
users’  requests), 

•  well  defined  interfaces  to  other  systems  (in  this 
case  to  foreign  radiocommunications  regulating 
bodies  and  the  ITU  notification  system), 

•  extendibility  when  new  tasks  emerge. 
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3.2.  Specific  business  requirements 

While  assessing  the  compatibility  of  a  new 
transmitter  or  network  there  is  more  and  more 
probable  that  different  radiocommunications 
services  have  to  be  taken  into  account.  Therefore, 
first  of  all  the  information  of  all  spectrum  use  has 
to  be  accessible  and  then  the  appropriate 
engineering  procedures  and  algorithms  have  to  be 
implemented  to  help  inter-service  co-ordination. 
This  situation  seems  to  be  more  and  more 
common  nowadays  and  is  one  of  main  reasons  of 
decreasing  usefulness  of  disparate  spectrum 
engineering  systems  separately  build  for 
particular  services. 

The  specific  tasks  of  regulator  put  forward 
licensing,  billing  and  document  management  to 
be  as  important  as  frequency  co-ordination  itself. 
The  legal  environment  is  specific  to  a  particular 
country  and  may  change  quickly.  Automatic 
issuing  of  all  relevant  documents  for  assignment 
and  licensing  processes  in  accordance  to  recent 
legal  regulations  becomes  the  substantial 
requirement  for  the  information  system. 

The  regulator’s  organisation  may  be  fairly 
large  and  complex.  In  the  case  of  Polish  National 
Radiocommunication  Agency  it  means  several 
hundred  people  grouped  in  17  cities.  The  system 
not  only  has  to  be  multi-user  but  has  to  address 
the  workflow  control  and  role  management  issues. 
It's  also  important  to  understand  that  a  system 
having  several  hundreds  of  users  does  not  mean 
simply  multi-user  but  must  be  based  on  a  DBMS 
designed  especially  for  such  use. 

Receiving  and  issuing  large  number  of 
documents  relevant  to  the  licensing  and  billing 
process  makes  document  tracking  quite  a  task; 
this  problem  should  also  be  addressed. 

There  is  always  a  dilemma,  how  much 
freedom  should  be  given  to  the  system  users  to 
disregard  some  bureaucratic  principles.  In  a  big 
system  one  system  administrator  who  is  given  the 
power  of  performing  some  restricted  operations 
may  not  be  enough.  Therefore  some  other  „power 
user”  roles  should  be  designed.  On  the  other  hand 
some  rules  should  never  be  violated  and  it  may  be 
feasible  to  implement  them  on  the  database  level. 

The  billing  and  bookkeeping  subsystem  could 
be  the  most  sensitive  one.  There  are  two  reasons 
for  that.  First,  the  money  handling  is  always 
sensitive;  second,  there  are  typically  (as  in  Poland) 
specific  regulations  setting  additional  requirements 
on  such  software. 

The  last  but  not  least  is  the  problem  of 
managing  the  changes. 

It  is  quite  common  that  regulator's  tasks  have 
to  be  modified  because  of  radiocommunications’ 
technology  changes  or,  in  some  cases  rapid  legal 
changes.  This  has  to  be  taken  into  account  while 
building  the  automated  system.  As  we  have  seen, 
the  business  rules  have  to  be  implemented  and 
forced;  on  the  other  hand  they  are  prone  to 


changes.  To  resolve  this  contradiction  it  is  required 
to  be  able  to  quickly  implement  these  changes. 
This  puts  some  requirements  on  the  programming 
technology  which  should  be  used.  The 
requirements  (rules,  state  regulations,  document's 
form  and  contents)  may  change  quite  rapidly  - 
even  during  the  process  of  software  build. 
Therefore  the  whole  software  process  has  to  have 
the  built-in  procedures  of  requirements'  changing. 
Also  the  coding  tools  have  to  be  sophisticated 
enough  to  enable  quick  and  efficient  changes. 

Besides,  because  of  this  or  other  reasons 
sometimes  a  business  rule  has  to  be  violated. 
Some  exceptional  procedures  should  be  built  into 
the  system  to  allow  for  this. 

3.3.  The  human  perspective 

Some  operational  requirements  for  a  National 
Frequency  Management  system  are  natural  to  any 
big  business-supporting  system.  Such  systems 
should  be: 

•  user  friendly  (sticking  to  some  well-known  user 
interface  standards), 

•  resilient  to  human  errors, 


•  highly  adjustable  (configurable),  allowing  for 


implementation 

changing, 

of  rapid 

business 

rules 

•  allowing  for 

exceptional 

decisions 

and 

procedures. 


Let  us  explain  these  requirements  in  some 
detail: 

Ease  of  use  and  low  costs  of  training  can  be 
achieved  if  the  user’s  interface  follows  some  well 
known  standards.  In  today’s  environments  this 
most  probably  will  mean  the  MS  Windows  (95) 
conventions.  The  application  programmes  in  this 
environment  will  be  event-driven  but  one  has  to  be 
careful  not  to  allow  simultaneous  use  of  to  many 
sub-modules  and  to  many  event-based  scenarios. 
The  multiplicity  of  non-modal  dialogue  windows 
should  be  rather  avoided.  The  screen  forms  should 
be  simple  and  containing  not  too  many  objects; 
tabbed  forms  are  recommended  for  complex 
tasks.  The  delay  in  performance  should  be  always 
clearly  communicated  to  the  user.  The  success  or 
failure  of  data  modification  should  be  notified  or 
shown. 

It  is  obvious  that  any  user  can  make  mistakes 
and  sometimes  even  very  serious  ones.  Once  the 
database  is  modified  this  mistake  propagates  to  all 
users  i.e.  wrong  data  can  be  seen  and  used  by  all 
other  users.  Any  simple  withdrawal  from  this 
situation  is  virtually  impossible.  This  means  that 
such  mistakes  should  almost  never  happen  and  if 
one  has  happened  some  extraordinary  procedure 
and  programmatic  means  should  be  foreseen  to 
deal  with  it.  It  may  require  a  special  role  within  the 
system  and  special  rules  for  ‘mending’  the  data. 
To  make  such  situations  exceptional  means 
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forcing  any  user  to  follow  business  rules,  notifying 
unlikely  data  values  i.e.  by  using  data  value 
dictionaries  like  towns,  streets,  names  and 
whatever  is  feasible,  implementing  domain  ranges 
for  certain  attributes,  implementing  automated 
cross-checking  if  some  dependencies  are  common 
enough,  persuade  users  to  double-check  the  input 
data  when  the  mistake  may  have  serious 
consequences.  These  means  are  costly  in  terms  of 
programmers’  effort  but  the  data  deficiencies  and 
inconsistencies  may  be  much  more  costly  in  terms 
of  the  regulator’s  efficiency  and  credibility. 

3.4.  The  data  perspective 

The  data  is  the  core  of  the  system.  The 
overall  system  usability  depends  on  data  quality. 
Proper  data  modelling  is  a  fundamental 
requirement.  It  is  true  that  many  contemporary  FM 
systems  don’t  use  a  coherent  data  model.  This  is 
partly  because  building  such  a  model  is  a  complex 
task  and  seems  to  be  impossible  to  be 
accomplished  without  a  CASE  tool,  but  first  of  all 
the  reasons  are  historical,  going  back  to  the  times, 
when  inter-service  co-ordination  seemed 
unnecessary.  The  data  encapsulation  may  be 
helpful  in  such  cases  but  one  has  to  keep  in  mind 
that  some  data  categories  like  e.g.  spectrum  user 
are  in  such  system  duplicated  or  multiplied  which 
means  that  the  discrepancies  are  inevitable.  To 
make  encapsulation  relay  work  one  has  to  unify 
the  duplicated  data  categories  an  use  only  one 
instance  of  it.  Unifying  should  be  ‘vertical'  and 
‘horizontal’  i.e.  the  attributes  should  be  merged 
leading  to  one  coherent  structure  and  then  the 
tables  should  be  merged  by  eliminating  duplicates. 
This  is  in  fact  re-designing  the  system.  The  simple 
encapsulation  works  smoothly  only  on  data  which 
do  not  overlap,  as  for  example  engineering  data 
for  different  radiocommunication  services.  When 
building  a  new  comprehensive  system  the  data 
model  should  be,  of  course  coherent  throughout 
the  whole  business.  The  most  critical  part  is  the 
national  frequency  register,  the  spectrum  user 
model  and  billing  information.  On  the  other  hand 
the  technical  aspects  of  the  radiated  signal  and  of 
it's  emitters  and  receivers  are  better  suited  to 
encapsulation,  which  gives  the  possibility  to  share 
the  engineering  programs  developed  according  to 
some  standards.  One  has,  however  to  keep  in 
mind  how  his  data  would  be  related  to  this 
‘standard’  data  model.  The  question  is  very 
difficult  if  this  ‘standard’  model  does  not  exist.  In 
this  context  it  is  worthwhile  to  recognise  the  first 
international  ‘standard’  data  model  worked  out  by 
the  ITU  Study  group  1,  Task  Group  4,  so-called 
Radiocommunication  Data  Dictionary  (RDD).  Its 
scope  is  limited  to  co-ordination  and  notification 
aspects  only  but  even  this  gives  a  good  foundation 
for  proper  semantics  of  data  sharing  and  data 
encapsulation.  The  PHARE  P. -interface  project 


follows  these  lines  building  it’s  data  model  around 
RDD. 

4.  THE  SOFTWARE  PROCESS 
As  we  can  see  from  the  above  analysis 
building  a  comprehensive  nation-wide  system  is 
not  a  simple  task.  So  there  is  a  need  for  some 
software  process  management  requirements.  Let 
us  point  out  some  of  them: 

•  the  possibility  to  pass  system  requirements  in 
an  unambiguous  way  to  a  software  house  which 
wants  to  build  a  system, 

•  the  possibility  to  keep  up  with  requirement 
changes  throughout  the  full  life  cycle  of 
software, 

•  sufficient  documentation  to  allow  for  system 
maintenance  in  changing  circumstances  (this  in 
fact  requires  the  use  of  a  very  high  level  and 
reasonably  widely  known  programming  tools). 

It  is  feasible  to  use  CASE  tools  in  order  to 
fulfil  these  requirements. 

4.1.  Howto  proceed 

To  successfully  build  a  national  FM  system 
several  steps  have  to  be  made: 

•  understanding  of  needs, 

•  defining  strategy, 

•  agree  on  priorities, 

•  understanding  limitations  (funds,  platforms 
currently  used,  ‘subculture’  -  influencing 
peoples  behaviour,  software  currently  used  - 
influencing  future  acceptance  of  the  system), 

•  agree  on  technical  assumptions  following  this 
analysis, 

•  perform  market  analysis  (software  and  software 
houses,  similar  solutions  e.g.  in  other 
countries), 

•  establish  internal  management  structures  for 
the  project, 

•  acquire  a  team  for  performing  or  supporting 
systems  requirement  analysis, 

•  perform  the  analysis  identifying  the 
requirements  hierarchy  (critical  requirements), 

•  approve  requirements  specification  in  the 
frame  of  project  management  structure, 

•  define  the  rules  for  the  production  phase, 

•  approve  the  rules  (plans)  for  product  testing, 
allocate  assets  for  this  process, 

•  define  the  way  existing  data  will  be  migrated  to 
the  new  system, 

•  set  up  a  contract  for  building  the  system  (this 
requires  conforming  to  legal  bounds, 
sometimes  very  restrictive).  The  contract 
should  include  procedures  for  quality 
management  and  changes  management  and 
reasonably  detailed  plan  of  implementation. 
Choosing  the  partner  is  very  important, 
because  the  life-cycle  of  the  system  may  be 
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very  long  and  support  requirements  are  usually 
very  high.  Acceptance  criteria  for  the  software 
should  be  clearly  agreed  -  the  use  of  metrics  is 
recommended. 

The  list  above  stresses  the  role  of  preparatory 
steps.  These  steps  should  not  be  neglected, 
because  erroneous  definition  of  needs  and 
priorities  may  result  in  acquiring  software  of  very 
limited  use  and  even  not  worthwhile  of  making 
efforts  to  deploy  it.  The  amount  of  work  needed  for 
implementation  of  such  a  system  is  very 
substantial  and  must  pay  off  to  be  successful. 

Incremental  build  and  deployment  of  the 
system  should  be  based  on  agreed  priorities  and 
critical  requirements.  A  pilot  project,  prototyping 
and  incremental  build  requirements  are  highly 
recommended. 

5.  THE  POLISH  NATIONAL  SYSTEM 

The  National  Radiocommunications  Agency 
decided  to  build  a  comprehensive  system  in  1995 
This  was  a  consequence  of  adopting  the 
Information  Strategy  for  NRA  which  was 
developed  in  years  1993  -1994.  The  first  step  was 
to  perform  a  thorough  analysis  of  essential  NRA 
needs  with  respect  to  information  processing, 
existing  information  processes  and  data  flow.  Then 
three  logical  models  have  been  constructed: 
Requirements  Model,  Process  Model  and  Data 
Model.  For  the  analysis  and  modelling  the  CASE 
tool  has  been  used,  namely  the  Systems  Engineer 
from  LBMS.  To  meet  the  requirements  formulated 
in  the  Requirements  Model  several  solutions  have 
been  adopted.  These  solutions  may  be  regarded 
as  a  general  characteristics  of  the  future  system. 
The  most  important  decision  following  this  step 
was  choosing  the  operating  system  and  database 
platform  for  the  future  information  system.  Thanks 
to  the  aid  through  a  PHARE  programme  NRA  was 
able  to  acquire  a  number  of  UNIX  hosts  to  serve 
as  the  platform  for  the  INFORMIX  ON  LINE 
Database  Management  System.  This  choice 
enables  us  to  develop  the  application  software  as 
CLIENT-SERVER  or  even  3-layer/multilayer/com¬ 


ponent  based  if  such  solution  would  be  cost- 
effective. 

To  check  the  feasibility  of  this  approach  and 
identify  possible  caveats  and  technological 
problems  the  pilot  application  using  client-server 
architecture  and  INFORMIX  database  has  been 
developed.  This  application  supports  management 
of  the  information  about  incoming  and  outgoing 
documents  and  may  be  utilised  either  as  a  stand¬ 
alone  application  or  be  integrated  in  the  future  with 
the  main  information  system.  Important  lessons 
have  been  learned  from  this  pilot  project,  as  well 
on  the  technical  as  on  organisational  matters.  We 
believe  that  these  lessons  will  enable  us  to  avoid 
failure  while  starting  the  construction  of  the  main 
application. 

To  closer  define  the  future  system  the  so- 
called  user  objects  have  been  defined,  showing 
the  activities  to  be  supported  for  different  services 
and  for  different  categories  of  employees,  the  data 
to  be  processed  and  the  results  (outputs)  to  be 
obtained.  The  approach  used  is  commonly  called 
quasi-object  and  is  considered  appropriate  for 
client-server  applications  based  on  a  Relational 
Database  Management  System.  The  true  object 
approach  is  also  possible  in  this  situation  but  one 
has  to  remember  that  the  underlying  database  is 
relational  and  appropriately  represent  it  in  the 
model. 

The  choice  of  client-server  technology  and 
industry  standard  SQL  database  system  gives  us 
the  chance  to  build  a  really  country-wide  and 
robust  system.  The  risk  of  building  the  whole 
system  in  one  go  is  fairly  high;  fortunately  the 
chosen  platform  allows  us  for  incremental  build. 
So  as  the  first  step  we  have  chosen  the  modules 
for  land-mobile  services  but  the  database  schema 
should  be  extendible  to  allow  for  encompassing  all 
other  services  in  next  phases.  Having  the 
requirement  model  an  the  comprehensive  data 
model  we  can  expect  that  the  Land-Mobile 
subsystem,  following  these  directives  will  be  easily 
extended  and  some  it’s  functions  will  be  adaptable 
to  other  subsystems. 
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Virtually  all  individuals  and  businesses  now  rely  on 
Information  Technology  Equipment  in  some  form, 
reliable  operation  of  IT  installations  is  therefore 
essential.  This  paper  discusses  some  basic  theory 
and  then  uses  case  histories  to  provide  practical 
guidance  on  how  to  ensure  that  the 
electromagnetic  immunity  of  an  installation  is 
maximised  and  that  the  operating  environment  is 
electromagnetically  suitable. 

1.  Introduction 

Virtually  all  individuals  and  businesses  now  rely  on 
ITE  (Information  Technology  Equipment)  in  some 
form,  reliable  operation  of  IT  installations  is 
therefore  essential.  Unfortunately  all  electronic 
equipment  is  a  potential  victim  to  electromagnetic 
interference,  the  only  question  is  how  susceptible  it 
is.  All  electronic  equipment,  electrical  equipment 
and  cabling  is  also  a  potential  threat  as  it  radiates 
electromagnetic  energy,  the  only  question  is  how 
much  it  radiates.  If  we  can  arrange  that  any 
potential  victim  is  only  operated  in  an  environment 
where  the  sum  of  the  fields  from  all  the  threats  is 
less  than  its  susceptibility  level  we  have  a  condition 
of  EMC  (Electromagnetic  Compatibility)  and  a 
reliable  system.  The  art  of  achieving  this  state  could 
be  called  Interference  Control. 

Compliance  with  certain  EM  (electromagnetic) 
emission  and  immunity  performance  standards 
must  be  demonstrated  during  product  development. 
The  tests  used  are,  of  necessity,  based  on 
standardised  configurations  and  layouts,  they 
therefore  do  not  reflect  the  real  world  performance 
of  an  installation.  It  is  almost  always  the  case  that 
the  EM  immunity  performance  of  an  installation  is 
worse  than  that  for  a  single  piece  of  equipment, 
largely  because  of  cables.  It  is  therefore  necessary 
to  consider  cabling  during  the  Interference  Control 
exercise. 


In  practise,  controlling  the  emission  and  immunity 
levels  of  an  installation  is  only  part  of  the  story;  it  is 
also  necessary  to  provide  a  suitable  EM 
environment  for  the  installation  to  operate  in.  The 
design  of  a  building,  together  with  its  support 
systems  and  location,  defines  this  environment. 

If  ITE  (Information  Technology  Equipment)  is 
operated  in  an  unsuitable  EM  environment  the 
symptoms  can  include  hardware  failures,  losses  of 
system  function,  loss  of  data  and  (the  most 
common  problem)  image  jitter  and/or  flicker  on 
visual  displays.  One  answer  may  be  thought  to  be 
that  manufacturers  should  build  their  equipment  to 
be  capable  of  operating  in  any  electromagnetic 
environment.  In  many  instances  it  is  either 
impossible  to  define  the  actual  field  strengths  that 
will  be  encountered  or  impractical  to  make 
commercial  equipment  immune  to  such  “worst 
case”  levels. 

Because  of  the  points  listed  earlier  it  is  essential  that 
EMC  is  considered  in  the  design,  fitting-out  and 
management  of  all  buildings  and  installations.  The 
threats  that  need  to  be  considered  include  lightning, 
electrostatic  Discharge  (ESD),  mains  quality, 
electric  fields  and  magnetic  fields.  Lightning 
protection  and  the  control  of  ESD  and  mains  quality 
are  generally  well  understood,  in  this  paper  I  will 
discuss  electric  and  magnetic  fields.  Areas  that  I  will 
not  be  covering  are  the  assessment  of  personnel 
exposure,  health  effects  and  design  to  withstand  a 
deliberate  EM  attack;  I  can  be  contacted  separately 
about  these  by  anyone  who  has  a  specific  interest. 

The  fundamental  message  is  that  IT  installations 
require  the  early  consideration  of  EMC.  This  will 
help  prevent  or  solve  problems  that,  if  found  later, 
would  otherwise  lead  to  project  delays  and 
expense. 
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2.  A  little  theory 

2.1  Electric  and  magnetic  fields 

Before  delving  into  examples  and  cures  it  is 

necessary  to  introduce  some  terminology  and  a 

little  basic  theory. 

•  An  Electric  field  is  generated  around  a  conductor 
whenever  a  voltage  is  present  on  it,  a  Magnetic 
field  is  generated  whenever  a  current  flows. 

•  At  distances  greater  than  about  one  sixth  of  the 
signal  wavelength  from  the  source  the  magnetic 
field  can  be  predicted  from  measurements  of 
the  electric  field  (and  vice  versa).  At  shorter 
distances  the  magnetic  and  electric  fields  must 
be  considered  and  measured  separately. 

•  The  initial  strength  of  the  field  depends  upon  the 
magnitude  and  frequency  of  the  voltage  or 
current  causing  it,  together  with  the  electrical 
and  physical  characteristics  of  the  conductor  and 
its'  surroundings. 

•  The  rate  of  decay  of  field  strength  with  distance 
from  the  source  depends  on  the  characteristics 
of  both  the  source  and  the  space  between  the 
source  and  the  potential  victim. 

2.2  Field  decay  with  distance 


linearly  with  distance: 

Field  decay  proportional  to 

voltage 

distance 

The  magnetic  field  around  a  single  conductor  varies 
in  direct  proportion  to  the  current  flowing  but 
inversely  with  distance: 


Field  decay  proportional  to 


distance 


If  two  conductors  are  arranged  to  lie  parallel,  with 

equal  and  opposite  currents  (such  as  twin  core 

mains  cable)  the  magnetic  field,  at  a  distance  which 

is  much  larger  than  the  conductor  separation,  varies 

directly  with  conductor  separation  and  current  but 

inversely  with  the  SQUARE  of  the  distance  away: 

c-  ,,  .  current  *  separation 

Field  decay  proportional  to  — - - — - 

distance 2 _ 

The  magnetic  field  around  a  transformer  or 
solenoid  varies  in  direct  proportion  to  the  current 
flowing  but  inversely  with  the  CUBE  of  the  distance 
away:  _ 

j _  _ ,  current  I 


Field  decay  proportional  to 


distance3 


In  practise,  the  field  decay  characteristic  from  a  real 
world  magnetic  source  is  a  composite  of  the  three 
shown  above. 

3.  The  arsenal 

The  field  strength  experienced  by  a  potential  victim 
can  be  reduced  using  one  of  the  following 
techniques. 

•  Modifying  the  source.  By  making  changes  to 
the  source  it  may  be  possible  to  eliminate  or 
reduce  the  unwanted  emissions  or  to  increase 
their  rate  of  decay  with  distance.  These  changes 
may  be  as  simple  as  decreasing  the  separation 
between  cables  carrying  load  and  return 
currents. 

•  Shielding.  Electric  fields  can  be  attenuated  by 

virtually  any  thin  grounded  conductive  layer 
whereas  Magnetic  field  shielding  must  possess 
magnetic  permeability.  The  degree  of 

attenuation  depends  on  the  frequency  of 
concern,  the  distance  from  the  source  and  the 
detailed  design  of  the  shield.  Electric  field 
shielding  is  frequently  used  and,  particularly  if 
the  source  is  outside  the  building,  can 
sometimes  be  the  only  solution.  Magnetic 
shielding  is  much  more  difficult  and  is  usually 
only  successful  for  very  small  volumes. 

•  Cancellation.  A  field  can  be  deliberately 
generated  such  that  it  is  equal  in  magnitude  and 
orientation  to  the  interfering  field  but  in  anti¬ 
phase  to  it.  This  cancellation  field  subtracts  from 
the  interfering  field  and,  ideally,  produces  a  zero 
resultant  at  the  victim.  This  technique  is  very 
limited  in  practise  but  can  be  useful  for  dealing 
with  some  problems. 

•  Changing  the  installation  layout.  The  area 
containing  the  victim  can  be  electromagnetically 
surveyed  to  map  the  areas  of  particularly  high  or 
low  field  strength.  The  victim(s)  can  then  be 
moved  into  an  area  of  lower  field  strength.  This 
can  be  the  simplest  and  cheapest  option  if  the 
source  cannot  be  modified  and  the  field 
distribution  is  suitable. 

•  Procedural  changes.  Sometimes  the  victim 
can  most  economically  be  protected  from  the 
source  by  administrative  measures.  Examples  of 
this  are  controlling  the  use  of  mobile  phones  and 
other  radio  transmitting  equipment,  either  hand 
held  or  vehicle  mounted,  close  to  ITE. 

These  are  all  useful  techniques  for  solving  EMC 
problems  but  the  principles  can  also  be  used  to 
avoid  problems.  As  always  in  life,  prevention  is 
better  than  cure  and  in  almost  every  case  it  is 
simpler  and  cheaper  to  perform  an  EMC 
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assessment  before  an  installation  takes  place 
rather  than  track  down  and  fix  problems  afterwards, 
particularly  as  these  EMC  problems  are  often 
subtle. 

4.  Preventing  interference 

Think  about  EMC  from  the  start  of  an  IT  project. 

1.  EM  environment.  Is  the  proposed  building 
close  to  any  obvious  RF  threats  such  as  Radar, 
transmitting  antennae,  heavy  industry,  etc?  Is  the 
site  on  raised  ground?  Are  there  any  adjacent  IT 
installations  which  have  a  history  of  unexplained 
problems?  If  the  site  is  not  totally  and  obviously 
benign  then  consider  a  Radio  Frequency  (RF) 
survey  to  determine  the  actual  ambient  field 
strengths,  anything  over  1  V/m  is  a  cause  for 
concern. 

2.  Electrical  infrastructure.  Are  there  any 
adjacent  power  cables  (underground  or 
overground)?  Does  the  Neutral  conductor  of 
your  lighting  or  ring  wiring  follow  a  different  path 
to  that  of  the  Line  conductor?  Do  you  have  any 
large  (more  than  about  2  A)  earth  currents?  Do 
any  site  processes  generate  large  magnetic 
fields?  Is  there  a  sub-station  near?  There  is  a 
risk  of  image  jitter  or  flicker  on  display  screens  if 
the  answer  to  any  of  these  questions  is  YES  and 
a  magnetic  field  survey  should  be  performed  to 
determine  the  actual  field  strengths  and 
locations,  anything  over  about  500  nT  is  a  cause 
for  concern. 

3.  Changes  to  the  EM  environment.  Ensure  that 
there  are  controls  on  the  use  of  mobile  radios 
and  phones  near  the  proposed  installation  and 
that  site  changes  are  approved  by  the  IT 
department. 

4.  Equipment.  Does  it  comply  with  the  EMC 
Directive?  If  not,  can  the  manufacturer  give  any 
information  about  the  immunity  levels  to  which  it 
was  tested? 

5.  Data  cables.  Ensure  that  the  data  cables  are 
shielded.  Running  cables  in  steel  trunking  is 
helpful  but  will  not  give  the  same  EM 
performance  as  shielded  structured  cabling. 

5.  Case  histories 

5.1  Case  histories:  Problem  avoidance 

Many  organisations  now  invest  in  an  EMC  survey 
prior  to  installing  IT  equipment  in  a  new  location, 
during  a  major  refurbishment  or,  sometimes,  prior 
even  to  purchasing  a  site.  An  EMC  survey  can 
check  right  across  the  frequency  spectrum  or  can 
be  highly  selective  and  assess  threats  from  obvious 


sources,  such  as  local  Radio  transmitters,  or  power 
lines. 

Here  are  some  examples  where  the 
electromagnetic  environment  was  assessed  prior  to 
installation  and  appropriate  changes  made  to  the 
plans,  when  appropriate. 

A  surprise  cable.  The  client  was  considering  the 
construction  of  a  new  IT  centre  at  an  existing  site, 
fortunately  an  EMC  survey  was  recommended  by 
the  equipment  supplier.  During  the  survey  the 
following  problems  were  found: 

•  An  unexpected  high  voltage  cable  directly 
beneath  the  floor  of  the  area  proposed  for  the 
computer  suite, 

•  An  adjacent  substation  generated  magnetic 
fields  in  the  area  proposed  for  the  operator  suite 
that  would  have  caused  severe  image  jitter,  and 

•  The  car  park  outside  the  building  was  commonly 
used  by  van  drivers  with  mobile  radios.  We 
measured  the  field  strength  from  one  of  these 
radios  and  it  would  have  made  the  system 
unreliable  if  no  mitigation  steps  were  taken. 

The  client  was  able  to  modify  the  proposed  design 
to  take  account  of  the  EMC  threats. 

Another  surprise  cable.  The  client  was 
considering  occupying  a  new  factory  unit  and,  as  a 
result  of  an  earlier  encounter  with  EMC  problems  in 
buildings,  commissioned  an  EMC  survey.  There 
were  strong  magnetic  fields  above  a  power  cable 
that  ran  beneath  an  area  that  would  have  housed 
several  Visual  Display  Units  (VDUs). 

The  proposed  layout  was  changed  to  use  the  area 
over  the  cable  for  non-VDU  work. 

A  change  of  building  use.  A  site  was  being 
considered  for  redevelopment  into  house  offices 
and  a  Data  Processing  centre  but  the  prospective 
developer  was  concerned  about  the  possible 
impact  of  a  nearby  antenna  tower.  We  surveyed  the 
area  and  were  able  to  confirm  that  the  tower  did  not 
present  a  threat.  The  developer  concluded  the  deal 
for  the  site. 

A  known  cable  in  a  shopping  area.  The  client 
was  considering  updating  a  shopping  area  with  new 
Point-Of-Sale  equipment  but  was  concerned  about 
a  buried  power  cable  shown  on  the  plans.  We  were 
able  to  plot  the  position  of  the  cable,  measure  the 
fields  around  it  and  to  provide  appropriate  advise 
on  the  positioning  and  type  of  new  equipment  to 
avoid  any  performance  degradation  from  the  fields. 

An  IT  centre  in  a  factory.  The  client  was 
consolidating  several  functions  onto  one  site,  this 
involved  building  an  IT  centre  directly  over  a  factory 
floor.  The  equipment  supplier  was  concerned  about 
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interference  and  recommended  an  EMC  survey. 
The  plant  in  the  factory  was  checked  and  assessed 
as  not  posing  an  EMC  threat. 

5.2  Case  histories:  EMC  problems 

The  examples  earlier  included  problems  that  were 
avoided  by  the  consideration  of  EMC  at  the  outset  of 
a  project.  Unfortunately,  when  expanding  a 
business  or  changing  the  usage  of  space  within  a 
building,  EMC  is  not  traditionally  a  subject  that  is 
considered.  Here  are  some  examples  that  are 
typical  of  the  relatively  common  problems  that  we 
have  dealt  with  as  a  result.  In  each  case, 
considerable  disruption  and  expense  would  have 
been  avoided  if  EMC  had  been  considered  at  the 
outset. 

It  will  rapidly  become  apparent  that  magnetic  fields 
cause  the  most  real  world  problems  as  they  can 
result  in  VDU  image  jitter  which  is  noticeable  by  the 
lay  user  and  often  gives  rise  to  questions  about  the 
risk  of  adverse  health  effects. 

VDU  image  jitter  in  an  office  (1).  The  clients' 
sales  office  needed  to  expand,  so  they  decided  to 
adapt  what  had  previously  been  a  store  room  next 
to  the  main  sales  office.  The  necessary  structural 
changes  were  made  but  it  was  found  that  VDUs  in 
the  new  area  suffered  from  image  jitter  that  was  so 
severe  that  staff  refused  to  use  them.  After  a  long 
period  of  trial  and  error  the  client  contacted  us  and 
we  quickly  determined  that  the  problem  was  caused 
by  magnetic  fields  from  the  main  building  power 
feed  that  ran  directly  beneath  the  new  office. 
Several  solutions  were  suggested  to  the  client,  the 
one  that  they  chose  was  to  dig-up  the  car  park  and 
re-route  the  power  cable. 

VDU  image  jitter  in  an  office  (2).  The  client  had 
recently  taken  over  the  management  of  a  tower 
block.  Prior  to  finalising  the  contract  they  discovered 
that  some  staff  were  unhappy  with  the  Front  Of 
Screen  performance  of  their  VDUs.  A  quick  check 
confirmed  that  jitter  was  the  problem.  When  we 
performed  a  Magnetic  field  survey  it  revealed  that 
the  problem  only  existed  on  one  floor,  close  to 
some  internal  studding  walls.  Further  investigations 
revealed  that  the  ring  main  Neutral  was  broken, 
causing  a  current  imbalance  in  the  mains  wiring  and 
a  potential  safety  problem.  The  imbalance  was  the 
cause  of  the  large  Magnetic  field  (see  the  section 
on  field  decay,  above). 

VDU  image  jitter  in  an  office  (3).  The  clients' 
drawing  office  employed  high  resolution  VDUs  but, 
because  of  jitter,  these  could  not  be  used  at  some 
workstations  when  the  room  lighting  was  switched 
on.  Visual  investigation  above  the  suspended  ceiling 
revealed  that  the  wiring  was  unstructured  and  just 
lay  on  the  ceiling  panels.  Further  investigation 
revealed  that  two  separate  electrical  contractors 


had  installed  the  wiring,  one  had  attempted  to  keep 
the  Line  and  Neutral  cables  close  to  one-another 
whereas  the  other  had  not.  The  second  contractor 
had  run  the  Line  wire  from  the  distribution  panel  to 
the  light  switches  and  then  to  the  various  light  units, 
the  Neutral  went  direct  from  the  distribution  panel  to 
the  lights.  The  recommended  solution  was  to  re¬ 
wire  the  lights  in  a  structured  way  with  Line  and 
Neutral  currents  flowing  next  to  one  another, 
preferably  in  twin  cable.  This  maximises  the 
magnetic  field  cancellation  and  removes  the 
problem. 

VDU  image  jitter  in  an  office  within  a  factory. 

The  client  had  a  high-current  product  test  lab 
directly  beneath  their  sales  office.  The  magnetic 
fields  from  the  lab  were  so  large  that  it  was 
impossible  to  use  the  VDUs,  so  the  testing  had  to 
be  performed  at  night.  The  automated  test  system 
was  unreliable  and  a  single  test  typically  took  6 
months  because  of  this  and  the  night-only 
operation.  When  we  were  asked  to  help,  we  re¬ 
designed  the  test  so  that  the  magnetic  fields  were 
effectively  cancelled-out.  A  further  refinement  was 
possible  by  performing  a  magnetic  field  survey  of 
the  office  area  and  changing  the  desk  layout  to 
avoid  the  areas  with  a  high  residual  field  strength. 
The  redesigned  test  brought  several  incidental 
benefits  and  the  test  time  was  cut  as  a  result. 

VDU  image  jitter  in  a  factory.  At  apparently 
random  times  of  the  day,  a  newly  installed  VDU 
(used  for  monitoring  a  manufacturing  process) 
became  unusable  due  to  severe  image  jitter.  Over 
an  extended  period  the  service  engineers  replaced 
several  items  of  equipment  and  the  end  user 
threatened  legal  action  against  the  supplier.  After  all 
other  avenues  had  been  exhausted  it  was  agreed  to 
consider  the  possibility  of  an  EMC  problem  and  we 
were  contacted.  Investigation  identified  the  source 
as  being  a  pipe!  Pipes  are  often  used  to  carry 
ground  currents  which  can  be  the  source  of 
magnetic  fields  but,  in  this  case,  the  pipe  was  being 
electrically  heated  as  it  carried  a  chemical  which 
froze  at  room  temperature.  Since  the  current  was 
controlled  by  a  thermostat  there  was  no  obvious 
pattern  to  the  timing  of  the  fields  being  generated 
and  it  therefore  took  some  time  to  track  down.  The 
solution  required  localised  screening  being  applied 
to  the  VDU. 

Image  jitter  caused  by  under-floor  heating. 

There  are  two  ways  to  install  under-floor  electric 
heating.  The  costs  and  performance  are  identical 
but  one  way  produces  very  large  magnetic  fields 
whereas  the  other  produces  virtually  none.  Since 
the  guidance  notes  to  installers  do  not  discuss 
magnetic  fields  we  are  in  the  lap  of  the  Gods  as  to 
which  way  they  lay  the  cable.  If,  as  is  common,  they 
choose  the  “wrong"  way  there  is  a  major  problem 
because  the  mistake  is  literally  “cast  in  concrete”. 
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The  solutions  are  to  dig  up  the  concrete  and  re-lay 
the  heating,  to  raise  the  floor  level  so  that  a 
cancellation  cable  can  be  laid  on  top  of  the  existing 
floor,  to  use  a  more  expensive  (non-CRT)  display 
technology  or  to  install  a  different  heating  system  - 
none  are  particularly  pleasant  options. 

Mysterious  system  failures.  Mobile  phones  and 
other  radio  transmitters  generate  electric  fields 
which  can  easily  interfere  with  computers  and  other 
electronic  systems  if  they  are  operated  close 
enough  to  them.  The  only  practical  solution  is  to 
instigate  a  ban  on  their  use  close  to  computer 
systems  -  but  what  is  a  computer  system?  Recently 
we  became  aware  of  problems  with  a  sophisticated 
telephone  system  which  had  a  microprocessor  in 
each  handset,  this  is  disrupted  if  security  radios  are 
used  nearby.  The  only  solution  is  to  ban  the  use  of 
radios  in  offices. 

6.  Summary  and  Recommendations 

The  EMC  management  of  an  installation  is  not  just 
about  product  conformance  to  standards.  It  also 
includes  consideration  of  the  electromagnetic 
environment  that's  caused  by  power  lines,  mobile 
phones,  building  wiring,  radio  and  radar 
transmitters.  All  of  these  present  potential  problems 
that  cannot  accurately  be  forecast  and,  as  with  most 
problems  in  life,  the  earlier  they  are  discovered  the 
cheaper  and  simpler  they  are  to  overcome. 

Installation  EMC  problems  are  not  usually  apparent 
for  what  they  are.  They  may  manifest  themselves 
as  screen  jitter,  decreased  system  performance  or 
as  a  general  lack  of  system  reliability.  Because  the 
end-user  perceives  a  system  problem  and  not  an 
EMC  problem,  a  lot  of  time,  energy  and  money  can 
be  expended  before  the  EMC  option  is  explored. 

The  only  way  to  minimise  (or  even  to  quantify)  the 
risk  is  to  contact  a  competent  EMC  Consultant  and 
ask  for  advice  at  the  planning  stage,  he  or  she  will 
probably  recommend  an  EMC  survey.  Few 
Laboratories  and  Consultants  have  the  expertise 
and  equipment  to  perform  a  50  Hz  magnetic  field 
survey  yet  this  is  the  parameter  that  causes  most 
difficulty  with  IT  installations  in  buildings,  ensure  that 
50  Hz  is  included  in  any  survey. 

7.  In  conclusion 

EMC  problems  with  installations  can  be  expensive 
to  track  down  and  solve  if  precautions  are  not  taken 
at  the  planning  stage.  Thinking  EMC.  and  spending 
a  little  money  at  the  start  of  a  project  can  save  a  lot 
of  money  in  the  longer  term. 

The  only  way  to  avoid  these  very  common  pitfalls  is 
to  consider  EMC  every  time  that  IT  equipment  is 


introduced  into  a  new  location  or  when  a  change  is 
made  to  an  environment  that  is  known  to  be 
satisfactory. 
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Within  the  structure  of  NATO's  Conference 
of  National  Armaments  Directors,  Special  Working 
Group  10  on  Naval  Electro-Magnetic  Environment 
Effects  was  instituted  by  NATO  national  naval 
armaments  authorities  to  address  the  problems  of 
both  intra-  and  inter-ship  electro-magnetic 

interference.  The  aim  continues  to  be  to  work 

collectively  towards  the  enhancement  of  electro¬ 
magnetic  compatibility  in  ships  at  sea  so  as  to 
maximize  operational  capability.  To  this  end,  the 
Group  has  developed  NATO  Standardization 

Agreements  and  Allied  Naval  Engineering 

Publications,  developed  a  frequency  management 
tool,  and  conducted  sea  trials,  among  other 
activities.  Special  Working  Group  10  has  pursued 
working  relations  with  Partnership  for  Peace  navies 
through  symposia,  and  in  conjunction  with  EMC  '98, 
will  hold  a  meeting  with  Partner  experts. 

1.  ORIGINS 

Since  the  establishment  of  the  Alliance, 
extensive  coordination  and  cooperation  in  the  field 
of  armaments  has  taken  place  among  the  16 
NATO  nations.  Even  if  the  ultimate  responsibility  for 
equipping  and  maintaining  military  forces  rests  with 
the  member  nation  itself,  in  most  spheres, 
research,  development  and  production  of 
equipment  are  organised  by  each  nation  in 
accordance  with  both  its  national  requirements  and 
its  commitments  to  collective  defence  in  NATO. 

NATO's  forum  for  naval  armaments 
planning  authorities,  the  NATO  Naval  Armaments 
Group  (NNAG)  was  formed  by  the  North  Atlantic 
Council  to  harmonize  national  naval  armaments 
requirements  and  to  pursue  collaboration  in  their 
development.  NNAG  formed  six  "Naval  Groups"  to 
address  all  aspects  of  naval  armaments  planning, 
from  above  water  warfare  to  ship  design  and 
everything  else  in  between. 


Captain  (r)  Arcangelo  Simi 
Head,  Naval  Armaments  Section 
Defence  Support  Division,  NATO  Headquarters 
1110  Brussels,  Belgium 

Phone:  32  2  707-4294,  Fax:  32  2  707-4103 
Email:  simi@hq.nato.int 


2.  CONFERENCE  OF  NATIONAL  ARMAMENTS 
DIRECTORS 

Some  time  after  it  was  formed,  NNAG  was 
placed  under  the  control  of  the  newly-established 
Conference  of  National  Armaments  Directors 
(CNAD),  the  forum  for  senior  national  authorities 
responsible  for  the  development  and  acquisition  of 
military  materiel.  The  current  organization  is  as 
depicted  in  Fig.  1. 
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Fig.  1.  NATO  Organization 
The  NATO  structure  is  divided  into  three  main  parts: 

•  the  so-called  military  side  of  the  house,  led 
by  the  Military  Committee  and  including  the 
Command  Structure  of  the  Alliance; 

•  the  civil  side  of  the  house,  concerning  all 
other  committees;  e.g.,  political, 
administrative,  scientific,  and  so  on;  and 

•  a  combined  military  and  civil  organization 
dealing  with  what  is  called  Consultation, 
Command  and  Control  (C3). 

CNAD  meets  on  a  regular  basis  every  six 
months  to  consider  political,  economic  and 
technical  aspects  of  the  development  and 
procurement  of  equipment  for  NATO  forces.  As 
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well  as  the  navy's  NNAG,  the  other  two  services 
also  have  Main  Armaments  Groups:  the  army's 
NATO  Army  Armaments  Group  (NAAG)  and  the  air 
force's  NATO  Air  Force  Armaments  Group 
(NAFAG).  All  three  Main  Armaments  Groups  are 
responsible  for  the  areas  concerning  relevant 
services  as  shown  in  Fig.  2. 


Fig.2.  Main  Armament  Groups 

Advice  and  assistance  on  industrial  matters 
is  provided  by  CNAD's  NATO  Industrial  Advisory 
Group  (NIAG).  This  Group  enables  the  CNAD  to 
benefit  from  industrial  advice  on  how  to  foster 
government-to-industry  and  industry-to-industry 
cooperation,  and  it  assists  the  Conference  in 
exploring  opportunities  for  international  cooperation. 
Other  groups  under  CNAD  are  active  in  fields  such 
as  defence  procurement  policy  and  acquisition 
practices,  codification,  quality  assurance,  test  and 
safety  criteria,  and  materiel  standardization. 

Within  the  CNAD  structure,  project  groups, 
panels,  working  and  ad  hoc  groups  are  established 
to  promote  cooperation  in  specific  fields.  The 
overall  structure  enables  member  countries  to 
select  the  equipment  and  research  projects  in 
which  they  wish  to  participate  and  facilitates 
exchange  of  information  on  operational  concepts, 
national  equipment  programmes  and  technical  and 
logistics  matters  where  cooperation  can  be  of 
benefit  to  individual  nations  and  to  NATO  as  a 
whole. 

3.  ELECTRO-MAGNETIC  ENVIRONMENT 

The  domain  of  the  electro-magnetic 
environment  and  its  impact  on  equipment 
cooperation  and  overall  military  operational 
capability  is  quite  large.  Fig.  3  lists  the  six  groups 
currently  active  in  this  area. 

The  two  groups  under  the  Military  Agency 
for  Standardization  (MAS)  -  the  Radar  and  Radio 
Radiation  Hazards  Working  Group  and  the  Air 
Electrical  and  Electro-Magnetic  Considerations 
Working  Group  -  are  mainly  focussed  on  policy, 
procedures,  terminology.  The  four  other  groups  are 
under  CNAD.  AC/301  -  the  Group  on 


Fig.  3.  NATO  Groups  Working  in  the  Electro- 
Magnetic  Environment 

Standardization  of  Materiel  and  Engineering 
Practices  -  has  a  sub-group  addressing 
environmental  conditions  and  test  procedures. 
AC/310  -  the  Group  on  Safety  and  Suitability  for 
Service  of  Munitions  and  Explosives  -  has  a  sub¬ 
group  that  deals  with  environmental  safety  testing. 
AC/225  is  the  NAAG,  and  its  Land  Group  7  on 
Nuclear,  Biological  and  Chemical  Defence  has  a 
Technical  Sub-Group  (TSG)  addressing  tri-service 
technical  aspects  of  nuclear  survivability. 

This  brings  us  to  AC/141,  which  is  NNAG, 
and  its  Subordinate  Group,  Special  Working  Group 
10  on  the  Naval  Electro-Magnetic  Environment 
Effects. 

4.  SPECIAL  WORKING  GROUP  10 

From  time  to  time,  important  topics  arise 
which  cross  the  lines  between  the  various  Naval 
Groups,  and  which  demanded  a  more  general 
approach.  To  address  such  topics,  the  NNAG 
formed  what  are  called  Special  Working  Groups. 

In  1987,  after  concerns  were  raised  in  a 
Naval  Group,  NNAG  formed  Special  Working 
Group  10  to  address  the  problems  of  electro¬ 
magnetic  interference  in  and  between  ships. 
Initially,  the  major  concern  was  that  such 
interference  would  inhibit  the  full  capability  of 
shipboard  weapons  systems,  their  sensors, 
electronic  warfare  devices  and  communications. 
But  more  recently  the  Group  has  expanded  its 
mandate  to  include  most  electro-magnetic 
environment  effects,  both  intra-  and  inter-ship. 

Currently,  the  Group  is  chaired  by  an  Italian 
Navy  Captain,  and  thirteen  NATO  nations  send 
experts  in  the  naval  electro-magnetic  environment 
to  twice-yearly  meetings.  A  representative  of  the 
Supreme  Headquarters  Allied  Powers  Europe 
(SHAPE)  also  participates.  Administrative  support  is 
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provided  by  the  Naval  Armaments  Section  in 
NATO's  International  Staff. 

5.  OBJECTIVE 

The  principal  objective  of  the  Group  is  to 
enhance  the  operational  potential  of  NATO  naval 
ships  by  the  minimization  of  electro-magnetic 
interference.  In  the  Group's  Terms  of  Reference, 
however,  NNAG  specifically  excluded  some  areas 
of  interest  because  they  are  being  adequately 
addressed  by  other  NATO  fora.  These  include  the 
effects  of  nuclear  electro-magnetic  pulse  (EMP), 
hazards  from  electro-magnetic  radiation  to 
ordnance  (HERO),  radio  and  radar  radiation 
hazards  (RADHAZ),  and  communications  security 
(TEMPEST). 

If  one  visualizes  the  superstructure  of  a 
modern  warship,  one  will  immediately  note  the 
multitude  of  active  and  passive  sensor, 
communications  and  weapon  control  emitter  and 
receiver  antennae,  operating  across  the  whole 
spectrum  and  at  all  levels  of  power,  but  all  located 
in  close  proximity  to  one  another.  It  is  in  this 
environment  that  the  Group  conducts  its  business. 

6.  TASKS 

NNAG  has  tasked  the  Group,  firstly,  with 
the  exchange  of  national  information  on  intra-  and 
inter-ship  EMC  matters.  A  core  business  at 
meetings  is  the  discussion  of  each  nation's  plans, 
research  and  development  and  programmes  in  the 
naval  electro-magnetic  environment.  Such 
information  exchange  fuels  subsequent 
collaborative  action,  and  results  in  the  development 
and  promulgation  of  NATO  Standardization 
Agreements  (STANAGs)  and  Allied  Engineering 
Publications  (ANEPs).  A  STANAG  is  a  standard 
that,  once  ratified  by  a  nation  and  promulgated  by 
NATO,  commits  that  nation  to  implementing  it  in 
national  programmes.  An  ANEP  is  a  less  strict 
standard  that  only  provides  guidance  to  nations  in 
their  programmes. 

To  date,  the  Group  has  developed  and 
promulgated  three  STANAGs  on  the  EMI/EMC 
aspects  in  the  design  of  metallic  hull  and  non- 
metallic  hull  surface  ships,  and  submarines. 
Another  STANAG,  dealing  with  standard 
attenuation  measurements  for  naval  enclosures,  is 
in  the  final  stages  of  development. 

Three  ANEPs  have  either  been 
promulgated  or  are  under  development:  one  on 
EMI  in  glass-reinforced  plastic  (GRP)  vessels, 
another  on  EMI  incident  analysis,  and  a  third  on 
procedures  for  conducting  an  EMI  survey  in  naval 
ships. 


With  respect  to  inter-ship  EMC,  the  Group 
has  been  addressing  ways  to  counter  inter-ship  EMI 
in  multi-national  maritime  forces.  NATO  navies 
have  long  operated  in  multi-national  task  groups, 
but  the  recent  Allied  emphasis  on  such  task  groups 
has  brought  to  the  fore  the  problem  of  frequency 
management  of  all  the  various  emitters  so  as  to 
avoid  EMI.  To  address  this  problem,  Special 
Working  Group  10  has  developed  what  is  called  the 
NATO  EMI  Operational  Programme  and  Data  Base, 
abbreviated  to  "NEOP". 

NEOP  is  a  frequency  management  data 
base  with  software  to  de-conflict  to  potential 
sources  of  EMI  within  a  task  group.  This  work  is 
getting  close  to  completion.  To  validate  NEOP,  as 
well  as  to  explore  other  facets  of  EMI  and  test 
possible  remedies,  the  Group  occasionally 
participates  in  sea  trials. 

Under  its  Terms  of  Reference,  Special 
Working  Group  10  is  also  undertaking  to  address 
matters  like  the  relationship  between  ship  design 
and  the  resultant  EMI  problems  that  arise  and 
subsequently  need  fixing.  An  obvious  consideration 
is  that  the  electro-magnetic  environment  should  be 
taken  into  account  early  in  the  ship  design  process. 
The  Group  is  currently  deciding  on  howto  approach 
the  NNAG  Naval  Group  6  on  Ship  Design  in  this 
respect. 

An  important  issue  now  in  the  forefront  of 
NATO  armaments  development  is  harmonization 
between  military  and  commercial  standards. 
Special  Working  Group  10  is  looking  into  this  for  the 
naval  electro-magnetic  environment.  The  idea,  of 
course,  is  to  reduce  duplication  of  effort  and,  in  the 
end,  to  save  money. 

Another  area  just  being  opened  up  in  the 
Group  is  the  potential  for  numerical  modelling, 
simulation  and  virtual  prototyping  in  EMC 
programmes.  A  final  aspect  that  the  Group  wishes 
to  address  is  the  potential  for  a  more  "joint"  (that  is, 
multi-service  -  navy/army/air  force)  approach  to 
common  EMC  matters.  This  effort  is  just  getting 
underway.  Related  to  this  is  an  initiative  to 
rationalize  and  codify  the  electro-magnetic 
terminology  used  by  the  three  services  and  other 
interested  NATO  bodies. 

7.  PARTNERSHIP  FOR  PEACE 

A  very  important  aspect  of  the  Group's  way 
ahead  is  its  working  relationships  with  EMC  experts 
from  Partnership  for  Peace  navies.  In  1996,  in 
cooperation  with  the  University  of  Florence  in  Italy, 
the  Group  participated  in  an  EMC  Symposium  to 
which  the  Partners  were  invited.  On  the  margins  of 
this  meeting,  the  Group  also  held  a  meeting  with 
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Partners  to  discuss  items  of  common  interest. 
Fundamentally,  this  was  mostly  just  an  introduction 
for  Partners  to  the  work  of  the  Group,  but  there  was 
general  agreement  to  exchange  and  discuss 
respective  EMC  standards. 

On  the  two  days  either  side  of  the  EMC  '98 
Symposium,  Special  Working  Group  10  will  once 
again  be  inviting  Partner  experts  to  discussions.  The 
longer  term  aim  is  to  make  Partner  invitations  to 
such  Group  meetings  a  regular  event.  In  this 
regard,  Partners  will  be  invited  to  the  next  regular 
meeting  of  the  Group,  expected  in  early  1999.  In 
NATO,  the  feeling  is  that  we  have  a  lot  to  learn  from 
each  other. 

8.  CONCLUSIONS 

NATO  has  a  well-established  structure  that 
effectively  addresses  most  aspects  of  armaments 
and  industrial  cooperation.  Within  this  structure,  the 
nations  represented  in  Special  Working  Group  10, 
in  collaboration  with  other  interested  NATO  bodies, 
have  been  working  hard  to  develop  standards  and 
otherwise  resolve  problems  associated  with  the 
naval  electro-magnetic  environment. 

This  work  will  continue.  And  the  Group 
looks  forward  to  working  in  this  area  with  Partner 
navies. 
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Interference  reduction,  especially  in  Glass-Reinforced 
Plastic  (GRP)  vessels. 

In  Spring  1997,  he  was  elected  Chairman  of 
NATO's  Special  Working  Group  10  on  Naval  Electro- 
Magnetic  Environment  Effects. 

Captain(R)  Arcangelo  Simi 

Arcangelo  SIMI  is  currently  the  Head  of  Naval 
Armaments  Section  and  EW  Coordinator  within  the 
Defence  Support  Division  of  the  International  Staff  in 
NATO  HQ,  Brussels.  He  is  a  graduate  of  the  Italian  Naval 
Academy  class  of  1963,  where  he  received  a  formal 
education  in  engineering. 

He  served  at  sea  on  board  several  ships, 
including  submarines,  minesweepers  and  cruisers,  with 
jobs  related  to  operations  (Navigator,  CIC  Director,  Signal 
and  EW  Officer,  etc).  He  graduated  as  a  "Radar  and 
Combat  Information"  specialist. 

In  August  1975,  after  attending  the  Italian  Navy 
War  College,  he  was  appointed  as  Chief,  Maritime 
Section  of  the  Electronic  Warfare  Branch  in  SHAPE.  In 
this  position  he  promoted  the  launch  of  the  Maritime 
(nowadays  Multi-Service)  Electronic  Warfare  Support 
Group  (MEWSG)  Programme  and  its  implementation. 

Thereafter  he  achieved  the  advanced 
qualification  in  "Communications  and  Electronics  (TES)" 
and  was  assigned  as  Chief  of  "Radar  and  Surveillance 
Branch"  to  the  Navy  General  Staff. 

Subsequently  he  attended  the  NATO  Defence 

College. 

After  a  period  of  sea  duty  as  Commanding 
Officer  of  a  Minesweeper  Oceanic  Squadron,  in  1984  he 
was  promoted  Captain. 

Captain  SIMI  served  in  Rome  on  the  General 
Defence  Staff  as  Chief,  "Electronic  Warfare  and 
Electronics  Branch"  for  five  years,  in  this  position  he 
authored  the  “Manual  for  employment  of  lasers  on  open 
ranges"  and  chaired  the  NATO  Project  Group  (AC/1 41- 
PG/30)  on  NATO  EW  System  for  MPAs  and  Helicopters" 
and  the  Italian  Defence  committees  on  EW  (GLIGE),  on 
Infra-red  (GLILASIR)  and  Electro-Magnetic  compatibility 
(CAICE). 

On  1st  June  1987  he  retired  from  active  service 
in  order  to  assume  his  present  post . 

Captain  Simi  has  been  a  member  of  the 
Association  of  Old  Crows  for  about  20  years. 
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A  software  package  is  presented  for  the  Electro- 
Magnetic  Compatibility  (EMC)  and  Electro-Magnetic 
Interference  (EMI)  analysis  of  transmitting  and 
receiving  devices,  installed  in  electro-magnetically 
complex  environments.  As  an  example  of  its 
capabilities  the  software  is  applied  to  the  EMI  analysis 
of  some  devices  typically  found  on  naval  platforms. 

In  EMC  studies  of  radiating  systems  in  complex 
environments  it  is  usual  to  limit  the  analysis  just  to  the 
antenna-antenna  coupling,  without  considering  the 
characteristic  of  the  underlying  transmitters  (Tx)  and 
receivers  (Rx)  connected  to  the  antennas. 

Recently  at  the  Electrical  Engineering  Department 
of  the  University  of  Florence,  a  software  package  has 
been  developed  to  further  this  aim.  ACE  (Antennas  in 
Complex  Environments  [1]  allows  for  EMI  [2]  analysis, 
taking  into  account  both  the  antenna-antenna  coupling 
in  the  complex  environment  and  the  contribution  due  to 
the  internal  functionality  of  the  various  devices.  In 
particular  the  codes  are  able  to  provide  the  user  with- 
the  antenna  patterns;  the  antenna-antenna  couplings; 
the  Interference  Margin  (IM)  between  the  various  Tx- 
Rx  couples.  The  IMs  provide  an  estimation  of  the 
quantity  by  which  the  disturbing  power  received  is 
above  the  sensibility  of  the  receiver.  Taking  into 
account  user  definable  security  margins  it  is  possible  to 
obtain  a  global  evaluation  of  the  EMC/EMI  situation 
which  could  not  be  achieved  with  the  bare  antenna- 
antenna  coupling. 

The  block  diagram  of  the  ACE  code  will  be  shown 
in  Fig.  1.  The,  code  is  highly  modular  since  the 
various  modules  used  by  the  Central  Processor  (CP) 
can  be  easily  modified  or  integrated  with  new  modules, 
so  as  to  allow  easy  extensions  of  the  class  of  the 
problems  which  can  be  dealt  with. 

The  CF  executes  the  EMI  analysis  of  antennas  and 
devices  placed  on  complex  platforms.  In  particular  it 
computes  the  radiation  patterns  both  in  near  and  far 


field.  The  antenna-antenna  couplings  both  in  near  and 
far  field  and  the  IMs  with  the  relative  evaluation  of 
EMI/EMC.  The  CP  uses  four  modules  each  of  then 
specific  to  a  particular  simulation:  antennas,  structure, 
Tx  and  Rx.  These  modules  use  their  own  databases,  six 
databases  altogether,  four  of  which  provide  a  way  to 
store  numerical  models  for  antennas,  scenarios, 
transmitters  and  receivers,  and  two  containing 
statistical  data  relative  to  the  most  common 
transmitting  and  receiving  devices.  These  last  two 
databases  provide  data  to  carry  on  analysis  when  real 
data  are  difficult  to  find. 

The  Antenna  Simulation  module  simulates  the 
antennas  in  free  space  both  resorting  to  the  main 
radiation  parameters  (main  lobe  angle,  side  lobe  level, 
etc.)  and  resorting  to  radiation  patterns  provided  by  the 
user  in  one  of  two  ways:  by  analytical  function  or  by 
points  on  the  principal  radiation  planes. 

The  Structure  Simulation  module  provides  the  CP 
with  the  simulation  of  the  complex  scenario  where  the 
antennas  are  placed  by  resorting  to  canonical 
geometries  such  as  polygonal  plates  and  elliptical 
cylinders. 

The  Transmitter  Simulation  and  the  Receiver 
Simulation  module  simulates  the  inner  behaviour  of  the 
devices  by  resorting  to  their  technical  specifications  (Tx 
output  power  level  and  Rx  receiving  sensibility, 
frequency  bands,  etc.).  These  simulations  are  specific 
to  the  determination  of  the  transfer  functions  of  the 
transmitters  and  receivers  in  and  out  of  their  bands.  Of 
course  the  accuracy  of  these  simulations  is  heavily 
dependent  on  the  quantity  and  quality  of  available  data. 
When  such  data  is  not  available  the  statistical  database 
can  be  used  instead. 

To  compute  the  fields  radiated  by  the  antennas  once 
they  are  placed  in  the  complex  environment,  the  CP 
resorts  to  techniques  which  are  related  to  the 
dimensions  of  structures  and  antennas  with  respect  to 
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the  wavelength.  In  particular,  in  the  high-frequency 
region  the  analysis  is  based  on  the  Uniform 
Geometrical  Theory  of  Diffraction  (UTD),  while  in  the 
low  frequency  region  the  analysis  is  based  on  the 
solution  of  integral  equations  solved  with  the  Method  of 
Moments  (MoM)  procedure. 

For  the  evaluation  of  the  IM,  defined  as  the 
difference  between  the  power  the  victim  receives  and  its 
sensibility  in  dB,  inside  and  outside  its  working  bands, 
the  CP  considers;  the  antenna-antenna  coupling,  by 
applying  the  reaction  integral;  the  transfer  functions  of 
the  Tx  and  Rx  evaluated  by  the  relative  modules. 
Finally  the  discrimination  between  EMI  and  EMC  is 
made  by  comparing  the  IM  with  a  user-defined  Safety 
Margin  (SM).  If  IM<SM  we  possibly  have  EMC,  if 
IM>SM  we  possibly  have  EMI,  otherwise  we  are  in  an 
uncertain  situation  where  EMI  and  EMC  are  equally 
possible. 

Furthermore,  ACE  exhibits  a  graphical 
interface  for  input/output  which  is  very  useful,  both  in 
the  scenario  numerical  modelization  phase  and  in  the 
visualization  of  results.  This  interface  has  been 
developed  in  the  Tcl/Tk  [3],  a  very  flexible 
interpretative  language  designed  for  creating  windows- 
based  graphical  interfaces/  The  main  characteristic  of 
this  language  is  that  of  being  multi -platform.  The  same 
Tcl/Tk  code  can  run,  without  any  modifications,  on 
UNIX,  Windows  (95  and  NT)  and  Macintosh 
platforms.  The  Pre-Processor ,  with  dialogue  windows 
and  graphical  output,  allows  the  user  to  easily  enter  all 
the  antennas,  structures,  Tx  and  Rx  data.  This  data  is 
then  elaborated  to  the  standard  required  by  the  four 
simulation  modules.  The  Post-Processor,  on  the  other 


hand,  is  still  in  an  early  stage  of  development.  Its 
purpose  is  to  elaborate  the  results  of  the  four  module 
simulations  and  present  them  in  graphical  form  (polar 
and  Cartesian  radiation  patterns,  solids  and  3D  maps  of 
radiation,  curves  at  equal  field  and  hazard  curves, 
coupling,  IM  and  EMI/EMC  tables). 

To  show  the  functionality  of  the  software 
package  an  EMI  analysis  of  some  simple  Tx  and  Rx 
devices  on  a  realistic  naval  environment  has  been 
performed.  The  real  radiation  patterns,  antenna- 
antenna  coupling  and  IM  have  been  investigated. 
Results  will  be  shown  in  the  oral  presentation. 
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This  paper  reviews  how  EMC  is  achieved  and 
maintained  in  the  United  Kingdom  Royal  Navy  and 
the  policy  that  supports  it 

1.  INTRODUCTION 

The  achievement  of  EMC  in  design  and  production  is  a 
subject  often  addressed  at  conferences,  however  for 
many  organisations  the  maintenance  of  EMC  in  the 
field  it  equally  as  important.  The  UK  Ministry  of 
Defence  (MoD)  and  the  Royal  Navy  (RN)  is  one  such 
organisation  and  this  paper  reviews  how  EMC  is 
achieved  and  maintained  in  the  RN  and  looks  at  the 
policy  which  supports  it.  In  addition  the  current  and 
possible  future  EMC  acceptance  philosophy  for  ships  is 
discussed.  Finally  as  an  example  of  achieving  EMC,  the 
techniques  used  to  optimise  the  location  of 
communication  aerials  are  reviewed.  However  as  an 
introduction,  the  Naval  Environment  is  first  considered. 

2.  NAVAL  ENVIRONMENT 

There  are  many  features  of  a  modem  warship  which 
tests  the  skills  of  the  electromagnetic  engineer;  the 
number  and  power  of  transmitters;  the  high  density  of 
equipment  fitted  within  the  ship  and  the  problem  of  not 
having  a  test  chamber  big  enough  to  test  it.  When  these 
are  considered  alongside  special  military  considerations, 
the  result  is  a  variety  of  considerations  which  may  be 
collectively  termed  the  Electromagnetic  Effects  (EME). 

•  Electromagnetic  Compatibility 

•  Tempest 

•  Electronic  Warfare 

•  Radiation  Hazards  (Radhaz) 

•  Frequency  Management 

•  Signature  Control 

•  Electromagnetic  Survivability  -  Electromagnetic 
Pulse  (EMP) 

•  Electro  Static  Protection 

It  is  the  role  of  the  Electromagnetic  Engineering 
Sections  in  MoD  and  the  RN  to  ensure  that  the 


requirements  for  each  of  these  disciplines  is  balanced 
and  integrated 

To  conclude  this  section  on  the  naval  environment  it 
worth  reminding  the  reader  that  war  can  magnify  the 
consequences  of  any  electromagnetic  interference  (EMI) 
seen  in  peace  time.  The  most  notable  example  of  this  is 
HMS  SHEFFIELD  in  the  Falklands  Campaign,  where 
EMI  contributed  to  her  loss. 

3.  NAVAL  EMC  POLICY 

The  RN  and  MoD  as  an  organisation  responsible  for 
both  the  procurement  and  operation  of  warships  has  an 
EMC  policy  which  pays  equal  importance  to 
maintaining  a  state  of  electromagnetic  compatibility  as 
well  as  achieving  it  in  build.  To  this  end  a  policy  has 
been  produced  which  does  not  solely  concentrate  on 
standards,  but  instead  considers  the  broader  issues  of: 

•  Organisation 

•  Management 

•  Technical 

•  Education  &  Training 

What  the  main  policies  are  in  each  of  these  four  areas 
are  will  be  discussed  later,  however  the  main  point  to 
note  is  that  each  describe  the  principles  by  which  EMC 
is  achieved  and  not  the  detail  of  how  this  is  carried  out. 
Siting  below  this  policy  are  a  further  series  of 
documents  tracking  how  each  numbered  policy 
statement  in  implemented  eg  by  Naval  Engineering 
Standards  or  Operational  Procedure  etc. 

This  has  allowed  a  rationalisation  and  consolidation  of 
standards,  practises  and  procedures  which  historically 
had  been  developed  by  a  bottom  up  approach. 

3.1  Organisation 

Within  a  large  organisation,  any  broad  based 
programme  must  have  Senior  Management  support  and 
provide  technical  expertise,  advice,  investigate  and 
engineer  solutions.  In  the  case  of  EMC,  the  level  of  EMI 
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in  the  RN  is  regularly  reviewed  by  a  senior  committee 
known  as  the  Mutual  Interference  Steering  Group 
(MISG)  which  is  chaired  at  Director  or  1  Star  level.  The 
MISG  maintains  a  database  of  the  predicted  and 
reported  instances  of  interference  in  the  Fleet  and 
through  its  Working  Groups  reviews  interference  on 
each  class  of  ship;  classifies  the  operational  significance 
of  each  report  and  co-ordinates  the  development  of 
techniques  to  predict  and  solve  interference  problems. 

In  addition  to  this,  it  is  now  common  practise  for  each 
ship  programme  to  ran  a  Electromagnetic  Engineering 
Working  Group  which  co-ordinates  the  EM  disciplines 
in  order  to  achieve  an  electromagnetically  optimised 
design. 

Finally  two  specialised  EMC  sections  exist,  looking 
after  Platform  (SSA/ME252)  and  Combat  System 
(DGSS/SS625)  EMC  to  provide  in  house  assistance  to 
Ship/Equipment  projects.  These  in  turn  are  supported  by 
the  Defence  Evaluation  and  Research  Agency  (DERA) 
and  Industry  to  undertake  EM  Research,  Development 
and  Testing. 

3.2  Management 

There  are  two  aspects  of  management  which  need  to  be 
considered:  Responsibilities  and  Techniques. 

Addressing  the  first  of  these,  it  is  vital  that  across  the 
spectrum  from  Project  Managers  in  procurement  to 
naval  staff  in  operational  platforms  that  there  are 
nominated  and  identifiable  points  of  contact  who  have  a 
responsibility  for  EMC. 

Looking  at  techniques,  firstly  management  plans  on  how 
EMC  is  to  be  achieved  in  the  design/production  need  to 
be  produced  and  these  are  well  defined  in  Defence 
Standard  59-41  Electromagnetic  Compatibility  [1], 
Secondly,  the  documentation  must  be  managed.  With 
new  equipment  always  being  added  or  updated  it  is 
important  that  our  documentation  gives  us  the  big 
picture  and  be  not  just  a  collection  of  individual 
equipment  EMC  reports  with  no  synergy. 

Finally  a  clear  and  defined  reporting  system  must  exist. 
Often  EMI  is  either  not  recognised  or  is  incorrectly 
reported  resulting  in  many  EMC  problems  never  being 
addressed.  To  complement  this  reactive  process  it  is  also 
valuable  to  have  a  regular  proactive  investigation  which 
can  look  for  EMI.  These  are  usually  subjective  tests 
based  the  serial  energisation  of  equipment.  However 
they  are  cost  effective,  simple  and  often  can  be  carried 
out  by  ships  staff. 

3.3  Technical 

The  general  technical  EMC  philosophy  applied  to 
warships  is  fundamentally  the  same  that  most 
commercial  or  military  systems  adhere  to,  namely 


defined  susceptibility  and  emission  criteria.  The 
fundamental  difference  with  a  warship  is  the  need  to 
address  EMC  at  two  district  levels,  equipment  and 
platform.  Ideally  the  platform  should  be  defined  as  a 
high  level  equipment,  however  this  distinction  is  needed 
due  way  that  equipment  is  procured  usually  across  many 
platforms  and  because  we  cannot  objectively  EMC  test  a 
platform  in  a  test  chamber  or  open  site. 

The  second  factor  that  has  shaped  how  EMC  is 
addressed  is  environment.  In  steel  ships  there  are  two 
distinct  electromagnetic  environments  Above  Decks  and 
Below  Decks.  In  the  first  we  have  an  environment  which 
is  relatively  high  and  dominated  by  own  ship  emissions. 
Below  Decks  we  have  a  passive  controlled  environment 
which  is  similar  to  a  light/heavy  industrial  environment. 

All  this  has  resulted  in  the  development  of  four  main 
groups: 

•  Below  Decks  Equipment 

•  Below  Decks  Platform 

•  Above  Decks  Platform 

•  Above  Decks  Equipment 

3.4  Below  Decks  Equipment/Platforms 

In  this  relatively  benign  environment  EMC  is  usually 
achieved  through  equipment  compliance  with  Defence 
Standard  59-41  and  installation  procedures  defined  in 
Naval  Engineering  Standards  (NES). 

3.5  Above  Decks  Equipment  /Platform 

In  contrast  with  the  below  decks  situation,  standards 
alone  do  not  achieve  EMC.  Instead  an  optimised  topside 
layout  has  to  be  achieved  based  on  modelling  and 
experience.  This  is  specifically  true  for  the  aerial 
systems  whose  performance  can  be  significantly  altered 
by  its  position  relative  to  its  neighbours  and  masts.  In 
such  cases  the  coupling/isolation  between  aerials  need  to 
be  predicted  as  do  how  the  VSWR  and  polar  plots  are 
affected  by  the  surrounding  super  structure.  The  current 
and  future  modelling  tools  which  support  this  activity 
are  discussed  latter  in  the  paper. 

3.6  Through  Life  Testing 

EMC  assessment  of  warships  is  carried  out  in  a 
subjective,  but  systematic  manner.  Firstly  all  equipments 
are  expected  to  meet  the  EMC  specification  contracted 
to,  primarily  Def  Stan  59-41.  Hull  and  Compartment 
shielding  requirements  are  defined  in  NES  1027  [2]  and 
for  each  ship  EMC  Precaution  Schedules  are  raised  to 
classify  the  shielding  level  each  compartment  is  to  be 
built  to.  Detailed  guidance  on  how  the  equipment  is 
installed  is  also  provided  in  NES  1027  and  is  reviewed 
in  the  Ships  Final  Electrical  Inspections  (FEI).  In 
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addition  to  this  certain  marine  equipment  in  situ 
emission  test  or  audits  of  certificates  may  be  carried  out. 

For  submarines  the  main  marine  and  combat  systems  are 
systematically  energised  and  any  interference  noted.  For 
surface  ships  the  main  area  of  concern  are  the  aerials 
and  weapon  systems  .  To  identify  interference  in  these 
systems  an  Enhanced  Weapon  Mutual  Interference  Trial 
(EWEMITjis  carried  out  which  follows  the  systematic 
approach  applied  to  the  submarines  to  detect  the 
existence  and  source  of  interference. 

Although  they  do  not  provide  absolute  levels  of 
interference,  in  the  case  of  the  EWEMIT,  it  allows  the 
performance  of  the  ship  and  the  Class  to  be  baselined  in 
order  for  any  degradation  in  performance  to  be 
identified  as  the  trial  is  completed  every  4  to  5  years  or 
following  any  major  equipment  update  or  refit. 

This  policy  of  through  life  testing  for  combat  system 
equipment  is  also  applied  to  certain  marine  equipment. 

3.7  Education 

Compatibility  once  achieved  is  very  vulnerable  to 
degradation  through  wear  out  and  failure  mechanisms, 
unauthorised  modifications  or  failure  to  follow 
procedures.  The  first  is  managed  through  regular 
maintenance  and  through  life  testing.  The  last  two  rely 
on  education. 

EMC  and  MI  is  lectured  on  at  the  RN  Training  schools 
and  Fleet  documentation  provides  guidance  to  ships  on 
its  achievement.  Awareness  campaigns  including  posters 
and  leaflets  are  directed  to  fighting  units  and  every 
effort  it  made  as  part  of  the  through  life  testing 
programme  to  educate  ship  staff  of  the  importance  of 
EMC  and  the  vital  role  they  play  in  maintaining  it.  One 
important  aspect  of  this  is  the  reporting  of  interference. 
Reporting  mechanisms  exist,  but  all  too  often  personnel 
do  not  recognise  the  defect  as  interference  or  just 
assume  that  someone  else  has  reported  it. 

Equally  Project  Staff  must  be  educated  on  the  need  to 
pay  attention  to  EMC  during  the  requirement  stage  and 
review  it  through  the  life  of  the  project.  With  the 
collocation  of  MoD(PE)  to  Abbey  Wood  in  Bristol, 
EMC  specialist  from  the  Sea,  Land  and  Air  Systems  are 
now  drafting  management  guidance  to  provide  a 
common  framework  for  all  project  staff  to  work  to. 


4.  FUTURE  DEVELOPMENTS 

The  policy  as  described  evolved  from  the  historical 
separation  of  platforms  and  equipment  and  the  difficulty 
As  might  be  expected,  the  disadvantages  of  this  process 
is  the  cost  of  producing  the  model  and  the  fact  that  it  can 
only  be  carried  out  once  the  overall  ship  design  is 


in  objectively  assessing  the  EMC  performance  of  a 
warship.  However  the  development  of  “Whole  Ship 
Procurement”  has  changed  our  focus  to  the 
demonstration  of  EMC  at  the  platform  level. 

To  aid  us  in  this  aim,  we  are  looking  at  two  main  whole 
ship  tests.  The  first  will  be  based  on  exiting  combat 
system  trials  which  require  the  serial  energisation  of 
equipment  to  identify  sources  of  EMI.  The  second  will 
define  and  measure  the  coupling  requirements  of 
internal  systems  with  the  outside  environment  i.e. 
measuring  the  shielding  effectiveness  of  the  EMC 
Citadel. 

Another  area  of  consideration  is  the  concept  of  zones.  If 
a  number  of  zones  can  be  defined  on  the  ship  then  if 
may  be  possible  to  relax  the  need  for  defence  standards 
and  have  some  of  them  replaced  with  commercial 
standards.  Such  zones  could  cover  domestic,  light 
industrial,  heavy  industrial,  communication  offices  and 
above  decks  and  be  separated  by  EMC  Citadels  with 
defined  and  measurable  performance  requirements. 

5.  EMC  AND  AERIAL  INSTALLATION 

For  each  of  the  three  main  communication  bands 
(HF,V/UHF  and  Satcom)  a  typical  medium  size  ship 
will  have  six  or  seven  aerials  ranging  in  powers  from  a 
few  watts  to  several  kilowatts.  When  deciding  on  the 
location  of  these  aerials  the  ship  designer  has  to  consider 
many  constraints  such  as  Mutual  Interference,  Radhaz, 
Signature  Control  and  transmission  performance.  To  aid 
them  in  this  task  a  set  of  techniques  have  been 
developed. 

During  the  early  stage  of  the  design  they  may  rely  on 
guidance  documentation  such  as  the  System  Weapons 
Engineer  Guidebook  which  gives  typical  separation 
distances  and  the  isolation  requirements  between  aerials 
in  dBs  or  from  previous  problems  reported  in  the  MI 
database.  For  satcom  systems  simple  power  density 
predictions  can  be  calculated,  however  for  HF  systems 
physical  modelling  is  required  before  the  aerial  system 
can  be  defined. 

Most  HF  systems  rely  on  a  mixture  of  monopole  whips 
and  wire  broadband  aerials.  Due  to  the  complexity 
introduced  by  the  near  field  the  design  is  optimised  for 
Isolation,  Voltage  Standing  Wave  Ration  (VSWR), 
Impedance  and  Polar  Plots  by  the  construction  of  a 
l/50th  scale  copper  model  of  the  ship.  This  is  placed  on 
a  large  ground  plane  and  swept  with  a  boom  at  scaled 
frequencies  allowing  the  performance  of  the  design  to  be 
established. 

established.  To  improve  this  situation  MoD  are 
developing  prediction  codes  to  replace  copper 
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modelling  and  also  to  provide  more  accurate  analysis  of 
the  aerial  systems  at  microwave  frequencies. 

6.  CONCLUSION 

EMC  can  be  achieved  through  the  application  of 
standards,  techniques  and  procedures,  however  it  must 
be  carried  out  within  the  framework  of  a  clear  policy,  an 
agreed  testing  programme  extending  through  the  life  of 
the  product;  a  supportive  organisation  and  an  education 
programme. 

These  aspects  have  been  brought  together  in  the  RN  to 
combat  electromagnetic  interference,  however  whilst  the 
framework  exists,  it  relies  on  continual  effort  to  build 
and  strengthen  the  elements  of  the  policy  to  ensure  that 
compatibility  is  maintained.* 
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The  NATO  Naval  Armaments  Group  (NNAG) 
Special  Working  Group  Ten  (SWG/10)  on  Naval 
Electro-Magnetic  Environment  Effects  (E3)  is 
developing  the  NATO  EMI  Operational  Programme 
and  Data  Base  (NEOP)  that  will  automate  those 
tasks  associated  with  the  management  of  the 
electromagnetic  spectrum.  The  US  Navy's 
Automated  Spectrum  Planning,  Engineering, 
Coordination,  and  Tracking  System  (ASPECTS) 
was  used  as  a  baseline  system.  The  software  has 
been  modified  to  incorporate  tasking  and  format 
specific  to  the  NATO  alliance.  The  NEOP  is 
composed  of  standard  electromagnetic 
engineering  algorithms  that  can  speedily  compute 
potential  electronic  system  degradation  due  to 
electromagnetic  environmental  effects.  The  NEOP 
contains  the  international  tables  of  allocation  with 
applicable  footnotes  for  each  of  the  three  regions, 
and  provides  for  the  addition  of  national  tables  of 
allocation  if  desired. 

1.  BACKGROUND 

Electromagnetic  Interference  (EMI)  presents  a 
considerable  threat  to  electronic  system 
performance,  and  in  extreme  cases  can  be 
responsible  for  the  total  loss  of  these  systems. 
Inter-platform  EMI  problems  have  occurred 
between  ships  of  the  NATO  alliance.  These 
incidents  will  become  more  frequent  as  the  new 
force  structure  of  the  alliance  moves  towards 
expanded  Multi-National  Naval  Formations. 
Advances  in  technology,  which  have  introduced 
such  techniques  as  frequency  agility  and  spread 
spectrum,  further  increases  the  likelihood  of  EMI 
by  placing  greater  demand  on  the  already 
overcrowded  spectrum. 

SWG/10  has  participated  in  Multi-National 
trials  and  exercises  which  have  demonstrated  a 
need  for  an  automated  tool  to  coordinate  the  use 
of  multiple  emitters  and  receivers  across  the 
communications  and  radar  frequency  bands. 


2.  OPERATIONAL  CONCEPT 

The  concept  is  to  allow  Multi-National  forces  to 
minimize  the  effects  of  electromagnetic 
interference  as  much  as  possible  during  the 
planning  stages  of  a  deployment.  This  includes  the 
development  of  the  communications  and  radar 
frequency  plans,  as  well  as  providing  advice  on 
ship  and  aircraft  positioning  to  minimize  EMI  to 
weapons  and  sensors.  The  NEOP  will  contribute  to 
every  facet  of  maritime  warfare  as  it  pertains  to 
the  use  of  electromagnetic  emitters  and  sensors. 

In  order  to  meet  the  operational  concept,  as 
described  above,  it  is  essential  that  the  NATO  EMI 
Operational  Programme  &  Data  Base  (NEOP)  be 
capable  of: 

A.  Determining  potential  EMI  issues  prior  to,  and 
during  the  deployment  of  forces  using: 

1 .  Force  composition 

2.  Force  disposition 

3.  Geographic  area 

4.  Platform  electronic  system  suites 

5.  Electronic  system  parametric  data 

6.  Meteorological  conditions,  and 

7.  Sea  State  or  terrain  conditions 

B.  Modifying  frequency  plans  to  accommodate  the 
addition  of  new  platforms;  re-analyzing  the 
EME;  and  distributing  a  new  frequency  plan. 

C.  Operating  aboard  ship.  The  NEOP  must  be 
designed  such  that  It  can  be  used  in  a 
shipboard  environment  with  a  high  degree  of 
reliability. 

D  Calculating  EMI  predictions  for  a  50  platform 
force  in  one  hour  or  less. 

3.  ARCHITECTURE 

In  order  to  function  as  a  planning  and 
operational  tool,  it  was  determined  by  SWG/10 
that  the  NEOP  software  must  be  hosted  on  a 
computer  system  capable  of  being  used 
shipboard.  Therefore,  the  Personal  Computer  (PC) 
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was  chosen  as  the  host  hardware  because  of  its 
standard  features,  i.e.,  it  is  relatively  the  same 
anywhere  in  the  world  and  is  easily  maintained. 

3.1.  Hardware  considerations 

The  power  of  PC  system  hardware  is  changing 
at  a  rapid  rate,  and  thus  software  engineers  are 
developing  new  software,  and  modifying  older 
software  programs,  to  take  advantage  of  this  new 
found  power.  Today's  recommended  minimum 
hardware  requirements  to  run  the  NEOP  are: 

A.  STORAGE:  3.5in  Disk  Drive;  CD-ROM  drive; 
and  500  MB  hard  drive. 

B.  PROCESSOR:  Pentium  CPU 

C.  MEMORY:  16  MB  RAM 

D.  1/0  Devices:  Keyboard,  printer 

3.2.  Software  considerations 

The  NEOP  software  is  designed  for  a  Common 
Operating  Environment  (COE)  running  on  a  PC 
system  to  maximize  portability  and  to  eliminate 
the  need  for  special  hardware  or  operating 
systems.  The  basic  considerations  are: 

1.  Developed  in  a  High  Level  language 

2.  User  friendliness 

3.  Minimizing  software  upgrade  cost  as  new 
versions  are  developed 

4.  Modular  design  made  up  of  a 
Communications  Planning  Module  (CPM), 
a  Frequency  Management  Module  (FMM), 
and  a  Radar  Module 

5.  OS:  Windows  95  or  NT 

6.  Year  2000  compliant 

3.3.  Database  considerations 

In  order  to  perform  the  planning,  management, 
and  analysis  functions,  the  NEOP  contains 
information  specific  to  each  of  these  functions. 
Specific  data  requirements  are  discussed  later  as 
we  investigate  each  of  the  modules. 

4.  NEOP  SYSTEM  OVERVIEW 

SWG/10  approved  the  use  of  the  US  Navy's 
ASPECTS  program  as  the  NEOP  Initial  Capability 
system  (NEOP  1C).  Many  of  the  features  of  the 
ASPECTS  software  were  retained  as  part  of  the 
NEOP  to  eliminate  duplication  of  effort,  i.e.,  to 
take  advantage  of  features  already  developed. 
The  NEOP  consists  of  three  modules: 

(1)  Communications  Planning  Module  (CPM); 

(2)  Frequency  Management  Module  (FMM) ,  and 

(3)  Radar  Module. 

5.  NEOP  MODULE  DISCUSSION 

Many  of  the  features  of  the  NEOP  Initial 
Capability  system  (NEOP  1C)  are  based  on  the  US 
Navy's  ASPECTS  software.  All  modules  are  "stand 
alone",  i.e.,  they  may  be  used  independently  of 


each  other.  The  CPM  and  the  FMM  can  work 
together  on  the  same  computer  to  identify 
communication  requirements  and  then  browse 
records  to  find  suitable  assignments.  The  NEOP 
RADAR  module  is  used  solely  for  radar  and 
weapon  system  frequency  plans.  It  is  capable  of 
transferring  frequency  assignment  data  to  the 
FMM. 

5.1.  Communications  Planning  Module  (CPM) 

Communications  planning  and  the 

management  of  radio  frequency  assignments  to 
support  the  plan  is  a  continuous  planning  and 
modification  effort.  The  NEOP  CPM  provides 
communications  planners  with  the  capability  to 
quickly  and  accurately  develop  and  modify 
detailed  communication  plans.  Based  on  user 
input,  theCPM  will: 

1.  Determine  frequency  requirements  based 
on  required  bandwidth 

2.  Perform  band  overlap  and  basic 
engineering  analyses  to  ensure 
compatibility 

3.  Generate  a  frequency  request  message  to 
higher  authority 

4.  Perform  harmonic  and  intermodulation 
analyses  on  frequencies  assigned  by 
higher  authority 

5.  Generate  the  communications  plan  in 
message  or  letter  format  for  Immediate 
distribution  to  fleet  units 

The  CPM  must  have  access  to  specific 
platform  equipment,  and  operational  information  in 
order  for  the  user  to  obtain  maximum  benefit.  This 
includes,  but  is  not  limited  to: 

1.  Ship  or  platform  name,  call  sign, 
communications  suite,  warfare  mission 
area  and  embarked  staffs 

2.  Operation  name,  start  date,  end  date,  area 
of  operation  and  communication  net  data. 

5.2.  Frequency  Management  Module  (FMM) 

The  FMM  was  developed  to  assist  frequency 
managers  ashore  and  afloat.  It  quickly  identifies 
available  frequency  resources,  assigns 
frequencies  to  support  force  communication  plans, 
and  maintains  a  record  of  all  frequency  requests 
and  assignments  for  each  operation. 

The  FMM  extracts  potential  assignments  from 
a  database  of  frequency  records.  Once  the  CPM 
identifies  the  number  of  frequencies  required  by 
band  and  modulation  type,  the  FMM  may  be  used 
to  browse  the  database  of  frequency  records  in 
search  of  suitable  frequencies. 

The  ability  of  the  FMM  to  assist  with  the 
nomination  of  frequencies  is  dependent  upon  the 
assignment  request  data  provided.  Specific  data 
required  includes: 

1.  Emission  characteristic  data,  i.e., 
necessary  bandwidth,  power  required,  etc. 
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2.  Date  and  Time  the  frequency  is  required 

3.  Transmitter  and  receiver  system,  to 
include  antenna  characteristic  data 

The  FMM  selects  suitable  frequencies  to 
support  the  request  received  from  the  user, 
providing  use  constraints,  if  any,  that  apply  to  each 
assignment.  Prior  to  releasing  the  frequencies  for 
assignment,  the  user  can  perform  harmonic  and 
intermodulation  analyses  on  the  assignments  to 
ensure  compatibility. 

5.3.  NEOP  RADAR  Module 

The  objective  of  the  NEOP  RADAR  module  is 
to  minimize  radar  and  weapon  system  antenna-to- 
antenna  coupled  interference.  It  considers  all  force 
radars  and  honours  international  air  traffic  control 
and  other  commercial  frequencies  that  may  be  in 
use  by  littoral  nations  adjacent  to  the  area  of 
operation. 

The  latest  version  of  the  module  is  designed  to 
allow  the  coordination  of  radar  and  weapon 
systems  manufactured  anywhere  in  the  world, 
provided  characteristic  data  is  available.  It  uses  a 
combination  of  measured  data  and  data  obtained 
from  resident  engineering  models  to  analyze  the 
expected  radar  electromagnetic  environment  and 
provide  compatible  assignments.  Specifically,  the 
NEOP  RADAR  module  will: 


1.  Analyze  the  force's  radar  electromagnetic 
environment 

2.  Identify  EMI  source/victim  pairs 

3.  Suggest  operational  alternatives  to 

alleviate  residual  EMI 

4.  Identify  and  calculate  reassignment  of 
offending  radar  frequencies 

5.  Develop  radar  and  NAVAID  frequency 
plans 

6.  Generate  correspondence  for  the 

distribution  of  the  radar  frequency  plan 

The  NEOP  RADAR  module  calculates  potential 
EMI  for  non-measured  source/victim  radar  and 
weapons  system  pairs  through  the  application  of 
predictive  models.  Although  the  models  will 
calculate  and  use  default  data  where  system 
parametric  date  are  unknown,  every  attempt 

should  be  made  to  obtain  actual  characteristics. 
The  accuracy  of  this  module  is  highly  dependent 
upon  the  accuracy  of  the  data  used  for  the 
calculations.  The  RADAR  module  is  designed  for 
muti-national  naval  deployments,  however,  it  can 
also  be  used  to  assist  amphibious  operations  to 
achieve  EMC.  The  module  is  designed  to  consider 
shore  facility  and  air  platform  radar  equipment 
thereby  making  it  a  versatile  radar  EMC  tool. 

Once  the  analysis  is  completed  the  module 
displays  the  cumulative  affects  that  the  composite 
EME  will  have  on  each  system. 
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SOLVING  FREQUENCY  ASSIGNMENT  PROBLEMS 

S.  M.  Allen,  S.  Hurley,  D.  H.  Smith  and  W.  J.  Watkins 


The  importance  of  efficient  frequency  planning  is 
increasing  as  the  demand  for  spectrum  use 
increases.  Modern  meta-heuristic  techniques  can 
be  successfully  applied  to  the  problem  to  generate 
good  quality  assignments. 

There  are  two  main  types  of  channel  assignment 
problem  of  importance: 

•  Minimum  span  frequency  assignment. 

Given  a  required  level  of  service  quality  to  be 
met  at  all  possible  reception  points  in  a 
network,  generate  an  assignment  that 
minimises  the  range  of  channels  used  (usually 
called  the  span,fmax.  fmin). 

•  Fixed  spectrum  frequency  assignment.  For 
a  given  network  and  a  specified  allocation  of 
available  channels,  generate  an  assignment 
that  maximises  some  measure  of  service 
quality. 

The  channel  assignment  problem  is  NP-complete 
and  to  generate  best  possible  solutions  is 
impractical  for  non-trivial  networks.  Meta-heuristic 
algorithms  do  not  guarantee  optimal  solutions,  but 
generate  near  optimal  solutions  in  reasonable 
time. 

Most  current  solution  methods  model  the  problem 
as  a  set  of  frequency  separation  constraints 
between  pairs  of  transmitters.  For  example,  two 
transmitters  at  the  same  site  may  be  required  to 
have  frequencies  that  are  at  least  three  channels 
apart.  The  quality  of  the  assignment  can  be 
measured  by  the  number  or  amount  of  constraints 
violated. 

Tabu  search  and  simulated  annealing  are  two 
meta-heuristics  that  have  proved  successful  when 
applied  to  frequency  assignment  problems  [2,3]. 
Both  use  improvement  methods  based  on  local 
search.  Firstly,  an  initial  solution  is  selected.  At 
each  step  a  new  solution  is  selected  from  a 
neighbourhood  of  similar  solutions  (for  example,  all 
assignments  which  differ  at  exactly  one 
transmitter).  In  it’s  simplest  form,  local  search 
selects  the  best  solution  from  each  neighbourhood. 


However,  this  is  likely  to  lead  to  a  solution  that  is  a 
local  minimum  but  not  a  global  minimum.  Tabu 
search  and  simulated  annealing  use  rules  to 
counteract  this. 

Since  meta-heuristics  are  not  guaranteed  to 
produce  optimal  solutions  it  is  important  that  good 
lower  bounds  can  be  generated  to  assess  the 
quality  of  solutions.  Techniques  based  on  the 
Travelling  Salesman  Problem  have  proved 
successful  [1,4,5].  An  important  aspect  of  lower 
bounding  is  the  identification  of  critical  areas  of  the 
problem  that  capture  most  of  the  difficulty  of  the 
whole  problem.  These  regions  can  also  be  used  to 
aid  the  assignment  procedure  [3,6,7]. 

The  use  of  lower  bounds  has  shown  tabu  search 
and  simulated  annealing,  as  described  in  [2,3],  to 
give  optimal  solutions  for  many  realistic  problems. 
Over  a  range  of  realistic  cellular  coverage  type 
problems  the  solution  is  on  average  within  3.7%  of 
the  lower  bound.  Optimal  solutions  are  sometimes 
obtained. 
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Methods  for  generating  binary  re-use  distance 
constraints  on  a  network  of  randomly  placed  Tx  are 
considered.  We  demonstrate  that  even  “very  good” 
binary  constraint  solutions  are  easily  outperformed 
by  global  constraints.  We  argue  that  binary  con¬ 
straint  modelling  inherently  fails  to  capture  the  re¬ 
quirements  of  a  good  solution:  adequate  coverage  and 
minimum  span. 

1.  INTRODUCTION 

The  frequency  assignment  problem  (FAP)  is  a  gen¬ 
uine  hard  problem  of  practical  importance  to  both 
civil  and  military  administrations.  The  FAP  can, 
according  to  its  particular  definition,  encompass  one 
of  a  number  of  possible  tasks.  We  are  particularly 
concerned  with  coverage  problems  in  dense  networks, 
such  as  those  existing  for  mobile  telephone  networks. 

The  essential  characteristic  of  these  is  that  a  fre¬ 
quency  must  be  assigned  to  each  transmitter  (Tx) 
in  such  a  way  that  the  signal-to-noise  ratio  (SNR) 
at  every  receiver  (Rx)  in  the  region  to  be  covered  is 
greater  than  some  specified  acceptable  value.  (How 
we  calculate  SNR  is  described  in  Section  2.) 

VRx,  BTxdesired  *  SNR  ^  SNRaccept&ble 

Coverage  tasks  can  take  a  number  of  guises.  Two 
common  such  coverage-type  tasks  are: 

1.  Minimize  the  spectrum  requirement,  by  finding 
a  satisfactory  assignment  which  uses  the  small¬ 
est  number  of  distinct  frequencies. 

2.  Maximize  the  solution  quality,  by  finding  an  as¬ 
signment  using  a  given  fixed  allocation  of  fre¬ 
quencies  that  provides  the  best  possible  coverage 
(there  are  many  possible  optimisation  criteria). 

The  work  described  here  concerns  the  first  of  these 
tasks  and  investigates  some  of  the  assumptions  com¬ 
monly  made  when  modelling  this  kind  of  FAP. 
Specifically,  we  question  the  assumption  made  in 


many  previous  studies  that  binary  constraints  (con¬ 
straints  which  restrict  the  values  on  pairs  of  trans¬ 
mitters)  are  sufficient  to  specify  the  problem  effec¬ 
tively  [7,  9,  10,  11]. 

To  carry  out  the  study  described  here,  a  small 
network  of  transmitters  and  receivers  was  modelled, 
emulating  the  propagation  characteristics  of  a  mobile 
telephone  network  (gsm).  Binary  constraint  solu¬ 
tions  (generated  with  different  techniques)  were  com¬ 
pared  to  the  solutions  obtained  by  expressing  the 
original  system  requirements  as  a  global  constraint. 

We  found  that  global  constraint  solutions  were 
consistently  more  spectrally  efficient  than  binary 
constraint  solutions.  This  remains  true  even  after  op¬ 
timisation  of  these  binary  constraints.  Furthermore, 
an  examination  of  the  requirements  for  good  binary 
constraints  suggests  that  this  type  of  constraint  in¬ 
herently  leads  to  solutions  which  do  not  minimise 
span. 

2.  THE  MODEL  EMPLOYED 

In  the  land-mobile  service  radio  networks  are  typi¬ 
cally  designed  with  a  cellular  structure  in  which  each 
transmitter  provides  the  signal  for  all  receivers  in  its 
neighbourhood  [1,  3]. 

Our  model  contained  a  fixed  set  of  Tx  sites  placed 
at  random  (uniform  distribution)  on  a  100  by  100 
matrix  of  Rx  sites  which  is  referred  to  as  “Pinkville” 
(such  an  approach  has  been  used  before  [4]),  each  Rx 
position  was  “scaled”  by  a  factor  of  50,  Pinkville  is 
thus  notionally  a  5km  by  5km  region.  We  randomly 
generated  50  Tx  locations,  and  then  generated  prob¬ 
lem  instances  with  n  transmitters  by  simply  using 
the  first  n  of  these  Tx  locations  (for  n  in  the  range 
20-50).  The  positions  of  the  first  20  transmitters  are 
shown  in  Figure  1. 

The  propagation  model  used  was  as  follows: 

1.  Tx  were  assumed  to  operate  with  uniform  effec¬ 
tive  radiated  power.  That  is,  all  transmitting 
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Figure  1:  Positions  of  first  20  transmitters  in 
Pinkville 


powers  were  equal,  and  propagation  was  omni¬ 
directional 


2.  Free-space  loss  was  assumed  to  be  the  only  cause 
of  signal  attenuation.  This  was  modelled  using 
an  inverse  fourth  power  law: 


Prx 


Ptx 
d4  ' 


3.  Cells  were  defined  by  assuming  that  the  desired 
signal  at  each  Rx  was  received  from  the  nearest 
Tx  (equidistant  Tx  were  chosen  arbitrarily). 

4.  Frequencies  were  assumed  to  be  chosen  within 
discrete  channels.  Adjacent  channel  rejections 
followed  the  GSM  specification  [5,  6]: 

offset  interference  rejection 


0  C/Ic  (none) 

1  C/Ia!  -9dB 

2  C/Ia2  -41dB 

3  C/Ia3  -48dB 

>  3  (total) 


5.  Multiple  interfering  signals  at  the  same  receiver 
were  combined  using  power-summation: 

Total  Interference  =  Interference? 

6.  Signal-to-noise  ratios  are  thus  calculated: 


SNR  =  Signal^., „d 

V  zJt^deBired  Signal^ 


3.  CHOOSING  BINARY  CONSTRAINTS 

Although  the  various  specifications  of  radio  services 
suggest  no  particular  approach  to  choosing  frequen¬ 
cies  [5,  6,  7,  13],  a  graph  theoretic  approach  is  com¬ 
monly  used.  In  this  approach,  the  FAP  is  considered 
to  be  analogous  to  graph  k-COLOURING,  or  graph 
T-COLOURING  [4,  9,  11,  15]. 

When  the  problem  is  tackled  using  this  graph- 
theoretic  approach,  the  requirements  on  the  desired 
assignment  are  described  by  specifying  constraints 
on  the  frequencies  that  may  be  assigned  to  certain 
pairs  of  transmitters.  These  constraints  typically 
take  the  form: 


/( Txi)  -  /(Tx,)  >  k 

meaning  that  the  frequencies  assigned  to  Tx,  and 
Tx,  are  required  to  be  >  k  channels  apart  in  order 
to  avoid  excessive  interference  at  any  Rx. 

This  raises  the  question  of  how  the  original  re¬ 
quirements  for  an  adequate  SNR  at  each  Rx  may 
be  translated  into  these  binary  constraints  between 
pairs  of  transmitters.  In  our  experience,  the  data 
sets  made  available  to  many  researchers  are  often  al¬ 
ready  in  binary  constraint  form,  so  this  question  has 
not  received  the  attention  it  deserves.  This  problem 
is  particularly  acute  when  attempting  to  find  solu¬ 
tions  which  minimise  the  number  of  frequency  chan¬ 
nels  used,  because  the  choice  of  binary  constraints 
must  then  satisfy  two  opposing  criteria: 

1.  minimum  spectrum  The  binary  constraints  cho¬ 
sen  must  be  sufficiently  loose.  If  they  are  too 
restrictive,  then  the  solutions  found  will  use  an 
unnecessarily  large  number  of  frequency  chan¬ 
nels. 

2.  adequate  coverage  The  binary  constraints  chosen 
must  be  sufficiently  tight.  If  they  are  not  restric¬ 
tive  enough,  then  at  least  some  of  the  solutions 
found  will  not  satisfy  the  coverage  requirements. 

One  common  way  to  obtain  suitable  binary  con¬ 
straints,  at  least  in  theoretical  studies,  is  to  introduce 
the  notion  of  “re-use  distances”  [4,  7] .  The  re-use  dis¬ 
tance,  d0,  specifies  the  geographic  distance  that  two 
Tx  must  be  apart  before  they  may  operate  on  the 
same  frequency  channel.  Similarly,  dx  is  the  distance 
that  two  Tx  must  be  apart  before  the  first  adjacent 
channel  may  be  used,  and  so  on  for  d2,  d3,  etc.  Once 
these  distances  are  chosen,  constraints  are  imposed 
on  every  pair  of  transmitters  that  are  nearer  than  di 
to  each  other  to  ensure  that  they  use  frequency  chan¬ 
nels  that  are  more  than  i  channels  apart.  Clearly,  as 
the  re-use  distances  are  increased  the  corresponding 
binary  constraints  become  more  restrictive  and  the 
number  of  distinct  frequency  channels  required  to 
satisfy  them  all  will  increase. 

Binary  constraints,  or  the  underlying  re-use  dis¬ 
tances,  may  be  chosen  in  a  number  of  different  ways: 
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1.  ESTIMATION:  The  re-use  distances,  d0,di,..., 
can  be  estimated  from  engineering  “common 
sense”  (e.g.  [2,  10,  13,  14]). 

2.  calibration:  The  estimated  re-use  distances 
do,di, . . .  can  all  be  multiplied  by  a  suitable 
scale  factor  (found  by  some  search  procedure) 
in  order  to  obtain  the  smallest  possible  values 
which  still  achieve  adequate  coverage. 

3.  trade-OFF:  The  relative  sizes  of  do ,  d\ .  can 
be  adjusted  to  reduce  the  number  of  frequency 
channels  required  whilst  maintaining  adequate 
coverage  [12]. 

4.  search:  The  values  of  do,d\,...  can  be  ad¬ 
justed  separately  for  each  Tx  using  some  com¬ 
putational  search  technique  (e.g.  evolutionary 
algorithms,  simulated  annealing,  etc.). 

5.  omniscience:  Given  an  optimal  solution,  a  set 
of  binary  constraints  can  be  derived  which  ob¬ 
tain  exactly  that  solution  (unfortunately  this 
approach  is  rather  impractical). 

In  the  two  experiments  reported  below,  we 
demonstrate  that  the  most  straightforward  of  these 
methods,  estimation  and  calibration,  lead  to 
very  poor  estimates  of  the  number  of  frequencies  re¬ 
quired  for  the  problems  considered  here. 

4.  RESULTS 
4.1.  Experiment  One 

In  the  first  experiment,  we  used  the  method  de¬ 
scribed  by  Withers  [14,  pp.231-232]  to  generate  con¬ 
straints  on  the  Pinkville  instances.  This  method  es¬ 
timates  the  re-use  distance  do  as  D1  +  D2,  where  D1 
is  the  distance  from  a  Tx  which  gives  minimum  ac¬ 
ceptable  signal  quality  (GSM  mobile  stations  have  a 
reference  power  sensitivity  of  -104dBm  [8]),  and  D2 
is  an  additional  distance  which  should  be  sufficient  to 
prevent  excessive  co-channel  interference  (i.e.  a  fur¬ 
ther  lOdB  fall  off  in  signal  strength).  Other  re-use 
distances  are  calculated  in  a  similar  way,  taking  into 
account  the  channel  rejections.  This  method  resulted 
in  the  following  re-use  distances  for  the  propagation 
model  used  in  these  experiments: 

do  =  7399 
d\  =  4407 
d2  =  701 
d3  =  467. 

Once  the  binary  constraints  were  defined  for  the 
Pinkville  instances,  solutions  (and  lower  bounds)  to 
these  constraints  were  found  using  the  software  pack¬ 
age  FASoft  [9].  This  software  provides  a  facility  to 
calculate  a  lower  bound  on  the  number  of  frequency 


channels  needed  for  a  solution,  based  on  “cliques” 
in  the  constraint  graph.  For  each  problem  instance, 
these  lower  bounds  were  calculated,  and  then  an  at¬ 
tempt  was  made  to  find  a  solution  using  this  minimal 
number  of  channels.  If  no  solution  could  be  found  us¬ 
ing  the  default  search  options,  then  this  channel  al¬ 
lotment  was  incremented  until  a  solution  was  found. 
In  all  cases  the  number  of  channels  used  in  the  so¬ 
lutions  obtained  was  very  close  to  the  lower  bound, 
only  involving  adding  4  or  5  more  channels. 

The  binary  constraint  solutions  were  then  com¬ 
pared  to  global  constraint  solutions  produced  by  a 
simple  backtracking  search  through  all  possible  as¬ 
signments,  checking  each  one  directly  against  the 
propagation  model  described  above.  Each  assign¬ 
ment  was  checked  by  calculating  the  SNR  at  each 
Rx  and  rejecting  assignments  for  which  this  value 
was  less  than  the  desired  value,  9  dB,  at  any  Rx. 
The  number  of  channels  made  available  to  the  search 
procedure  was  equal  to  the  number  of  Tx  in  the  in¬ 
stance.  No  attempt  was  made  to  optimise  the  solu¬ 
tion,  rather  reported  solutions  are  the  first  solutions 
returned. 

Examination  of  SNR  distributions  on  the  results 
shows  that  the  solutions  obtained  from  the  binary 
constraints  have  a  SNR  at  many  receivers  which  is 
much  larger  than  required  (See  Figure  2).  This  sug¬ 
gests  that  the  binary  constraints  used  were  too  re¬ 
strictive,  and  therefore  very  inefficient  in  terms  of 
the  number  of  frequencies  used.  This  is  confirmed 
by  comparing  the  solutions  obtained  from  the  binary 
constraint  formulation  with  the  solutions  obtained 
from  the  global  constraint  formulation  (Figure  3). 


Figure  2:  Distribution  of  SNR  results  on  the  50  Tx 
Pinkville  Instance 
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Figure  3:  Comparison  of  Pinkville  Instance  Solutions 


4.2.  Experiment  Two 

In  the  second  experiment,  we  attempted  to  reduce 
the  number  of  frequency  channels  required  by  choos¬ 
ing  a  less  restrictive  set  of  binary  constraints.  To 
do  this  we  used  the  calibration  method,  described 
above,  to  scale  down  the  re-use  distances  chosen  in 
Experiment  1. 

To  do  this,  the  reuse  distances  were  gradually  re¬ 
duced  from  the  distances  used  in  Experiment  1,  and 
for  each  value  new  binary  constraints  were  calcu¬ 
lated,  and  the  resulting  set  of  constraints  was  solved 
by  FASoft.  The  coverage  achieved  by  this  solution 
(that  is,  the  proportion  of  receivers  for  which  the 
SNR  was  greater  than  9  dB)  was  then  plotted,  as 
shown  in  Figure  4.  Using  this  information,  it  was 
possible  to  estimate  the  minimal  possible  values  for 
the  reuse  distances  such  that  the  coverage  on  the 
resulting  assignments  was  100%  at  the  9dB  SNR 
level  (the  same  solutions  were  also  checked  at  the 
12dB  and  15dB  levels  at  which  coverage  was  typi¬ 
cally  >  95%  but  <  100%).  The  values  for  the  re-use 
distances  obtained  in  this  way  were  as  follows: 

d0  =  2959.6 
di  =  1762.8 
d2  =  280.4 
d3  =  186.8 

Using  these  smaller  re-use  distances  resulted  in 
much  less  restrictive  binary  constraints,  and  hence  in 
solutions  using  fewer  frequency  channels,  as  shown  in 
Figure  5.  However,  it  is  clear  from  this  Figure  that 
even  after  optimising  the  reuse  distances  in  this  way, 
the  number  of  frequency  channels  required  to  solve 
the  corresponding  binary  constraints  is  still  consider¬ 
ably  larger  than  the  number  found  by  a  simple  search 


Figure  4:  Calibrating  Binary  Constraints  on  the 
Pinkville  Instance 


procedure. 


Figure  5:  Solution  Spans  for  Calibrated  Binary  Con¬ 
straints 


5.  CONCLUSIONS 

The  results  presented  above  lead  to  two  significant 
conclusions.  First,  lower  bounds  obtained  from  a  col¬ 
lection  of  binary  constraints  do  not  necessarily  pro¬ 
vide  a  reliable  lower  bound  for  the  number  of  fre¬ 
quencies  required  for  a  given  network  of  transmitters. 
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We  have  shown  that  even  when  binary  constraints 
are  “calibrated”  from  initial  “common  sense”  set¬ 
tings,  global  constraint  solutions  easily  outperform 
these  bounds. 

Secondly,  the  setting  of  binary  constraints  is 
widely  believed  to  be  on  a  sliding  scale,  and  that 
it  is  only  a  matter  of  “fine  tuning”  to  get  the  “right” 
constraints.  This  work  suggests  that  in  some  cases 
there  is  no  optimal  point  on  the  scale,  since  binary 
constraints'  that  are  loose  enough  to  allow  minimum 
spectrum  solutions  may  fail  to  ensure  adequate  cov¬ 
erage. 
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Recent  work  on  the  channel  assignment  problem 
has  produced  various  benchmark  problems  for  which 
optimal  assignments  are  known.  The  solutions  to  cel¬ 
lular  problems  exhibit  a  structure  which  can  be  used 
to  motivate  the  design  of  faster  algorithms,  opening 
the  way  to  finding  good  solutions  to  large  problems  in 
no  more  than  a  few  seconds.  One  such  possibility  is 
described  here. 


1.  INTRODUCTION 

Over  the  last  few  years  there  has  been  a  considerable 
research  activity  among  mathematicians  and  com¬ 
puter  scientists  directed  towards  the  design  of  effec¬ 
tive  algorithms  for  radio  channel  assignment  in  large 
radio  systems.  Mathematical  interest  in  these  prob¬ 
lems  is  heightened  by  their  close  relation  to  the  no¬ 
torious  NP-complete  problems  of  combinatorial  op¬ 
timization,  and  in  particular  to  the  graph-colouring 
problem. 

Specifications  for  the  channel  assignment  problem 
tend  to  come  in  a  small  number  of  standard  forms, 
all  of  which  describe,  in  some  fashion,  a  set  of  de¬ 
mands  (or  requirements)  for  channels  and  a  set  of 
constraints  on  the  overall  assignment,  designed  to 
capture  the  physical  need  to  avoid  interference.  The 
transmitter  sites  and  powers  are  generally  fixed  in 
advance.  In  the  most  common  specification,  con¬ 
straints  take  the  form  of  minimum  allowed  differ¬ 
ences  between  pairs  of  assigned  channels,  either  both 
at  the  same  site  (co-site  constraints)  or  one  each  at 
two  distinct  sites  (inter-site  constraints).  Such  con¬ 
straints  may  naturally  be  written  as  a  matrix.  (It 
has  recently  been  suggested  that  the  constraint  ma¬ 
trix  may  not  be  the  most  suitable  form  in  which  to 
couch  interference  constraints,  but  it  is  certainly  the 
most  commonly  used,  capturing  similar  information 
to  sets  of  protection  ratios.) 

Depending  on  the  objective,  the  channel  assign¬ 
ment  may  be  treated  as  either  a  minimum  span  prob¬ 
lem  or  a  fixed  spectrum  problem.  In  the  former,  all 


demands  must  be  satisfied  and  all  constraints  must 
be  met,  using  as  few  overall  channels  as  possible 
(the  span  is  conventionally  defined  as  the  difference 
between  the  highest  and  lowest  channels  used).  In 
the  latter,  the  amount  of  spectrum  available  is  given 
beforehand,  and  the  objective  is  to  satisfy  as  many 
channel  requests  as  possible,  again  without  violation 
of  constraints.  Most  work  to  date  has  concerned  min¬ 
imum  span  problems.  Extensions  of  these  two  basic 
problems  incorporate  variations  in  the  quality  of  as¬ 
signment,  by  allowing  some  violation  of  constraints, 
but  we  will  not  consider  such  possibilities  here. 

As  work  has  progressed,  there  have  emerged  sev¬ 
eral  sets  of  benchmark  problems,  which  have  been 
used  to  test  and  compare  various  algorithms.  The 
most  valuable  benchmarks  are  those  for  which  exact 
answers  are  known,  i.e.  for  which  no  further  improve¬ 
ment  is  possible.  For  some  minimum  span  problems, 
this  has  been  achieved  by  using  lower  bound  tech¬ 
niques  (see,  for  example,  [1]). 

Experience  of  working  with  particular  problems 
leads  to  the  qualitative  view  that  some  are  easier 
than  others.  The  translation  of  this  experience  into  a 
quantitative  classification  of  problems  remains  one  of 
the  most  important  open  questions.  However,  some 
hints  can  be  found  by  looking  at  the  assignments  pro¬ 
duced  by  software  packages  such  as  FASoft,  [2] .  Cel¬ 
lular  systems,  especially,  often  generate  assignments 
showing  a  degree  of  local  regularity,  which  may  be 
seen  by  looking  at  the  sequence  of  channels  assigned 
to  individual  sites.  To  take  a  random  illustration, 
FASoft  generated  the  sequence  52,  132,  142, 152, 162, 
172,  185,  190,  198,  204,  210,  216,  222  for  a  particu¬ 
lar  cell  of  demand  13  as  part  of  an  optimal  solution 
to  the  common  ‘Philadelphia’  benchmark  (E3  in  Ta¬ 
ble  1  below).  The  striking  features  are  the  regular 
spacing  of  10  channels  near  the  start  and  6  channels 
near  the  end.  (All  the  differences  must,  of  course, 
be  at  least  as  large  as  the  corresponding  co-site  con¬ 
straint,  which  here  is  5  channels.) 


2.  SPECTRAL  BLOCKS 
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The  appearance  of  regular  increments,  not  imposed 
by  the  software  that  generates  them,  suggests  a  pos¬ 
sible  design  for  faster  algorithms.  The  idea  is  con¬ 
struct  small  pieces  of  the  overall  assignment,  using 
small  sets  of  consecutive  channels  and  covering  just  a 
subset  of  the  sites.  Laying  down  several  copies  ‘end- 
to-end’  in  the  frequency  spectrum  will  produce  the 
regular  pattern  seen  above.  The  original  small  piece 
is  called  a  spectral  block.  A  complete  assignment  is 
built  up  from  several  spectral  blocks,  each  in  general 
repeated  different  numbers  of  times.  Each  site  will 
be  served  by  some,  but  generally  not  all  blocks.  The 
size  of  a  spectral  block  is  the  number  of  consecutive 
channels  one  repetition  takes  up,  and  naturally  de¬ 
termines  the  increments  seen  in  individual  cells.  For 
example,  the  above  sequence  could  arise  from  using 
(among  others)  spectral  blocks  of  sizes  10  and  6. 

Algorithms  based  on  this  technique  were  first  im¬ 
plemented  as  part  of  an  MSc  project  in  Oxford  [3]. 
A  small  example  was  subsequently  discussed  in  [4]. 
It  is  attractive  to  treat  spectral  blocks  in  an  object- 
oriented  setting,  and  therefore  a  new  implementation 
has  recently  been  developed  in  C++,  from  which  pre¬ 
liminary  results  are  presented  below. 

The  algorithm  first  constructs  a  collection  of  spec¬ 
tral  blocks,  of  various  sizes,  and  then  decides  how  the 
blocks  will  be  assembled  into  an  overall  assignment. 
The  interference  constraints  are  dealt  with  during 
block  construction,  i.e.  transmitters  sites  can  only 
be  assigned  to  blocks  in  ways  that  satisfy  the  inter¬ 
ference  constraints.  Currently,  the  blocks  are  con¬ 
structed  using  fast  sequential  techniques,  governed 
by  ordering  the  sites  in  various  ways.  At  this  stage, 
no  attempt  need  be  made  to  assess  the  ‘quality’  of 
blocks  as  far  as  assembling  efficient  overall  assign¬ 
ments  is  concerned.  Think  of  the  block  construction 
as  filling  a  toolbox  with  a  collection  of  tools  (the 
blocks),  some  of  which  will  eventually  be  used  for 
solving  the  particular  problem  at  hand.  The  ones 
that  are  not  suitable  will  be  left  in  the  box.  The  sec¬ 
ond  stage  constructs  an  overall  channel  assignment 
by  choosing  some  of  the  spectral  blocks  constructed 
previously.  It  is  only  now  that  the  spectrum  require¬ 
ments  are  considered.  The  repetitions  of  the  chosen 
spectral  blocks  are  determined  by  a  linear  program, 
as  outlined  in  [4].  It  is  possible  to  treat  both  mini¬ 
mum  span  and  fixed  spectrum  problems  in  the  same 
setting. 

Table  1  presents  preliminary  minimum  span  re¬ 
sults  for  variants  of  the  ‘Philadelphia’  benchmark. 
These  problems  have  the  advantage  that  they  have 
been  solved  to  optimality,  and  so  give  an  absolute 
measure  of  performance.  They  are  referred  to  in  the 
table  by  the  labels  E3-E6,  E8  and  E9,  as  used  in  [2], 
The  sequence  of  channels  generated  in  the  same  cell 
of  E3  as  given  earlier  for  FASoft,  is  156, 162, 168,  174, 


180,  186,  192,  198,  207,  212,  217,  222,  429.  The  pre¬ 
cise  numbers  are  unimportant,  but  there  are  again 
two  regular  increments  that  dominate,  this  time  6 
and  5.  For  this  particular  example,  Janssen  and  Ki- 
lakos  [5]  have  given  an  optimal  assignment  in  which 
only  the  increment  6  appears. 


Example 
(see  [2]) 

Minimum  span 
(from  FASoft) 

Span  found  using 
spectral  blocks 

E3 

426 

428 

E4 

426 

427 

E5 

257 

261 

E6 

252 

257 

E8 

855 

857 

E9 

1713 

1714 

Table  1:  The  spans  obtained  using  spectral 
blocks  on  the  benchmark  problems  discussed 
in  [2]. 


These  results  are  very  encouraging,  and  they  are 
also  calculated  extremely  quickly  (each  in  fractions 
of  a  second  on  a  Pentium  processor).  The  execution 
time  will  increase  as  the  number  of  sites  increases, 
but  is  insensitive  to  changes  in  the  demands  at  each 
site.  In  fact,  there  are  mathematical  reasons  why 
the  algorithms  should  perform  better  as  the  demands 
increase.  Moreover,  the  algorithm  requires  neither 
fine-tuning  of  internal  parameters  nor  any  external 
guidance  dependent  on  the  input  data.  It  is  intended 
to  carry  out  further  tests  to  determine  more  fully 
for  which  types  of  channel  assignment  problem  the 
regular  structure  of  spectral  blocks  is  useful. 

This  work  was  carried  out  under  a  research  con¬ 
tract  between  the  Radiocommunications  Agency  and 
St.  Catherine’s  College,  Oxford. 
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Graph  colouring  and  labelling  has  been  an  impor¬ 
tant  tool  in  the  mathematical  study  of  Frequency  As¬ 
signment  Problems  (FAP’s).  The  underlying  idea 
is  that  a  collection  of  transmitters  or  base  stations 
and  their  mutual  interference  can  be  represented  by 
a  graph.  This  graph  has  the  collection  of  transmit¬ 
ters  as  its  vertices  and  two  vertices  are  connected 
by  an  edge  if  their  mutual  interference  is  large.  A 
further  assumption  in  this  model  is  that  the  distance 
of  two  transmitters  in  the  graph  ( the  length  of  the 
shortest  path  between  the  two  vertices )  gives  a  good 
indication  of  the  mutual  interference  between  the  two 
transmitters. 

When  the  FAP  originates  as  a  problem  in  a  cellu¬ 
lar  network,  with  the  cells  being  regions  in  the  plane, 
the  graph  obtained  as  above  is  very  likely  to  be  a  pla¬ 
nar  graph  or  a  graph  that  is  “close”  to  being  planar. 
Because  of  this  it  is  surprising  that  no  research  on 
labelling  with  distances  has  been  done  specifically  for 
planar  graphs.  The  aim  of  this  note  is  to  start  filling 
this  gap. 

1.  INTRODUCTION  AND  NOTATION 

Suppose  we  are  given  a  cellular  network  in  which 
the  base  stations  for  each  cell  need  to  be  assigned 
a  certain  frequency.  This  assignment  needs  to  be 
done  so  that  the  quality  of  reception  everywhere  in 
every  cell  is  above  a  certain  minimal  level.  An  im¬ 


portant  ingredient  that  determines  this  quality  is 
the  mutual  interference  between  stations,  especially 
from  stations  that  are  broadcasting  on  frequencies 
close  together  on  the  spectrum.  This  interference 
will  be  strong  from  cells  that  are  neighbouring  the 
cell  under  consideration,  but  also  from  cells  further 
away  the  interference  might  be  significant  enough 
to  prescribe  a  certain  minimal  distance  between  the 
frequencies  used. 

In  this  note  we  model  the  above  situation  as  fol¬ 
lows.  The  cells  in  the  network  will  become  the  ver¬ 
tices  of  a  graph  ( see  further  in  this  section  for  defini¬ 
tions  ),  where  two  vertices  are  connected  by  an  edge 
if  they  have  a  border  in  common  (see  Figure  1). 
If  the  cells  have  roughly  the  same  size  and  form, 
then  the  distance  between  two  cells  in  the  plane  will 
be  roughly  proportional  to  the  distance  between  the 
corresponding  vertices  in  the  graph.  Hence  from 
now  on  we  will  assume  that  the  minimum  required 
separation  between  the  frequencies  used  in  two  cells 
is  determined  by  the  distance  in  the  graphs  of  their 
associated  vertices. 

A  particular  property  of  a  graph  obtained  in  the 
manner  above  is  that  it  is  planar,  i.e.,  it  can  be 
drawn  in  the  plane  in  such  a  way  that  edges  do  not 
cross.  The  problem  to  assign  frequencies  to  a  net¬ 
work  as  sketched  above  hence  becomes  equivalent 
to  finding  a  labelling  of  a  planar  graph  satisfying 
certain  properties. 
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Fig.  1.  A  cellular  network  and  its  associated  graph. 

We  will  now  sketch  a  more  formal  mathematical 
setting  of  the  problem.  A  graph  G  =  (F(G),  E(G)) 
is  a  ( finite )  collection  of  vertices  V (G)  together  with 
a  collection  of  edges  E(G).  Each  edge  consists  of  a 
pair  uv  of  vertices  and  we  only  allow  at  most  one 
edge  for  each  pair.  If  u,  v  are  two  vertices  such  that 
an  edge  uv  £  E(G)  exists,  then  we  say  that  u  and  v 
are  neighbours  or  adjacent.  The  degree  of  a  vertex 
u  6  V  (G),  notation  ddu),  is  the  number  of  neigh¬ 
bours  of  u  in  the  graph.  The  maximal  degree  over 
all  vertices  is  denoted  by  A  (G). 

A  path  P  —  U0U1U2  ■  ■ .  um  in  G  is  a  sequence 
of  different  vertices  such  that  for  each  i  =  0, 1, . . .  , 
m  —  1  there  is  an  edge  1.  The  length  of  the 
path  is  the  number  of  edges  in  the  path  ( which  is  m 
in  the  notation  above).  A  graph  is  connected  if 
there  exists  a  path  between  any  two  vertices.  If  a 
graph  is  connected,  then  the  distance  dist(u,  w)  be¬ 
tween  two  vertices  u,  v  is  the  minimum  length  of  a 
path  between  u  and  v.  Note  that  this  means  that 
dist(u,u)  =  0,  and  dist(u,u)  =  1  if  and  only  if  u 
and  v  are  adjacent. 

A  labelling  of  a  graph  G  is  a  function  ip  :  V  (G)  -¥ 
{  0, 1, 2, . . .  ,n  -  1  }  for  a  certain  n.  A  colouring 
is  a  labelling  <p  such  that  if  uv  £  E(G),  then 
p(u)  <p(v).  For  integers  p,  9  >  0,  a  labelling  ip 
of  a  graph  is  called  an  L(p,q)-labelling  if  it  satisfies 
that  whenever  dist(u,u)  =  1,  then  |</?(u)  —  <p(v)\  >  p, 
and  whenever  dist(u,  v)  =  2,  then  \p(u )  —  <p(v)\  >  q. 
The  p,q-span  of  a  graph  G,  notation  A  (G;  p,q),  is 
the  minimum  n  for  which  an  L(p,  ^-labelling  exists. 

2.  L(p,q)- LABELLINGS  FOR 
PLANAR  GRAPHS 

The  problem  to  determine  A(G;  p,  q)  for  certain 
graphs  or  certain  classes  of  graphs  ( or  at  least  to  find 


good  lower  bounds  for  the  span)  has  been  studied 
before,  see  e.g.  [4, 5, 6, 7, 11].  The  Frequency  Assign¬ 
ment  Problem  is  often  mentioned  as  a  motivation  for 
studying  the  L(p,  g)-labellings  of  graphs.  But  most 
of  the  specific  graph  classes  studied  in  the  literature 
are  not  the  kinds  of  graphs  that  would  arise  from 
FAP’s.  As  described  in  the  previous  section,  when 
the  interference  graph  of  an  FAP  arises  from  a  prob¬ 
lem  on  a  cellular  network,  the  interference  graph  will 
have  certain  planarity  properties.  This  is  why  we 
will  consider  planar  graphs  only  in  this  note. 

The  problem  to  find  an  L(l,0)-labelling  of  a 
graph  is  equal  to  finding  a  proper  colouring  of  a 
graph.  This  means  that  for  planar  graphs  we  have 
the  famous  Four  Colour  Theorem,  which  can  be 
stated  in  our  notation  as  follows. 

Theorem  1  [1,2] 

If  G  is  a  planar  graph,  then  A(G;  1,0)  <  4. 

For  general  p  it  is  easy  to  show  that  this  gives  the 
following. 

Corollary  2 

If  G  is  a  planar  graph,  then  A(G;  p,  0)  <  3p  +  1. 

We  now  start  looking  at  the  case  q  >  1.  A  straight¬ 
forward  argument  shows  that  if  G  is  a  graph  with 
maximum  degree  A,  then  an  L(p,  q)- colouring  of  G 
needs  at  least  q- A+p-l- 1  labels.  Since  planar  graphs 
with  arbitrarily  large  maximum  degree  exists,  we 
can  no  longer  expect  to  be  able  to  find  a  constant 
upper  bound  on  the  p,  9-span  of  planar  graphs  as  we 
were  able  to  do  for  the  case  q  =  0  in  Corollary  2.  In 
fact,  it  is  not  too  hard  to  construct  planar  graphs  G 
with  A (G;  p,q)  =  §  q- A(G)  +  ci(p,q),  where  cx(p,q) 
is  a  constant  depending  on  p  and  q  only. 

As  far  as  upper  bounds  for  A(G;  p,q)  are  con¬ 
cerned,  in  [4]  it  is  shown  that  A (G;  2, 1)  <  A (G)2  + 
A(G).  This  suggest  that  for  graphs  in  general  the 
best  possible  upper  bound  for  A(G;  p,  q)  will  be  of 
the  order  q  ■  A  (G)2.  Our  main  result  shows  that  for 
the  case  that  G  is  planar,  we  can  reduce  the  order 
of  magnitude  of  the  upper  bound. 

Theorem  3 

IfG  is  a  planar  graph  with  maximum  degree  A  >  12, 
then 

A(G-,p,q)  <  (4  9  —  2)  •  A  +  10  p  +  38  9  —  23. 
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Since  we  don ’t  believe  the  dominant  term  (4  q  -  2)  •  A 
to  be  best  possible,  no  effort  has  been  made  to  find 
the  best  possible  additive  constants. 

Theorem  3  has  some  interesting  connections  with 
known  problems  on  graph  colourings.  This  is  since 
the  special  case  p  =  q  —  1  can  be  seen  as  a 
graph  colouring  problem.  In  order  to  find  a  L(l,  1)- 
labelling,  we  are  looking  at  a  labelling  tp  of  a  graph  G 
such  that  p(u)  p(v)  whenever  dist(u,  v)  —  1  or  2. 
This  is  equivalent  to  colouring  the  square  G2  of  G : 
G 2  is  the  graph  defined  by  V(G2)  =  V(G)  and  two 
vertices  u,y  are  adjacent  in  G2  if  dist(u,  v)  =  1  or  2 
in  G. 

The  question  to  find  the  best  possible  upper 
bound  for  the  chromatic  number  of  the  square  of  a 
planar  graph  can  be  found  in  the  literature.  The 
problem  seems  to  be  posed  for  the  first  time  by 
G.  Wegner  in  1977  (see  [9,  Section  2.18]).  Weg¬ 
ner  conjectures  the  following,  when  described  in  the 
notation  introduced  in  the  previous  section. 

Conjecture  4 

IfG  is  a  planar  graph  with  maximum  degree  A,  then 
A  +  5,  4  <  A  <  7; 

L§AJ+1,  A  >8. 

Wegner  also  gives  examples  of  planar  graphs  that 
show  the  upper  bounds  in  the  conjecture  are  best 
possible. 

As  far  as  we  know,  not  much  seems  to  be  known 
about  Conjecture  4.  As  a  consequence  of  Theorem  3 
we  obtain  the  following  result,  which  goes  some  way 
towards  establishing  the  truth  of  the  conjecture. 

Corollary  5 

If  G  is  a  planar  graph  with  maximum  degree  A  >  12, 
then 

A (G;  1,1)  <  2  A  +  25. 

3.  SKETCHES  OF  PROOFS  AND 
ALGORITHMIC  ASPECTS 

The  proofs  of  many  results  on  planar  graphs,  includ¬ 
ing  our  Theorem  4,  rely  heavily  on  the  property  that 
planar  graphs  can  be  shown  to  obtain  certain  small, 
so-called  unavoidable,  configurations.  For  instance, 
it  is  well  known  that  a  planar  graphs  has  a  vertex 
of  degree  at  most  five.  This  fact  was  used  by  Hea- 
wood  [8]  to  prove  the  weaker  version  of  Theorem  1 
that  every  planar  graph  is  five  colourable.  The  proof 


of  the  Four  Colour  Theorem  used  a  very  large  num¬ 
ber  of  unavoidable  configurations  ( see  the  beautiful 
collection  of  633  unavoidable  configurations  in  the 
Appendix  of  [10] ). 

For  our  proof  of  Theorem  4  we  need  a  somewhat 
more  involved  structural  result.  The  proof  of  the 
following  lemma  is  based  on  discharging  arguments 
as  can  be  found  in,  e.g.,  [3], 

Lemma  6 

Let  G  be  a  planar  graph.  Then  at  least  one  of  the 
following  is  true  : 

(a)  there  exists  a  vertex  in  G  with  degree  at  most 
two; 

(b)  there  exists  a  vertex  v  in  G  of  degree  three  such 
that  if  the  neighbours  of  v  are  {u\,u2,u3}  with 
dG(ui)  <  dG(u2 )  <  dG{u3),  then  dG(ui)  <  11; 

(c)  there  exists  a  vertex  v  in  G  of  degree  four  such 
that  if  the  neighbours  of  v  are  {ui,u2)U3,  u4} 
with  dG{ui)  <  . . .  <  dG(u4),  then  dG{u2)  <  11, 
dG(u\)  <  7  and  the  edge  vu \  is  contained  in  a 
triangle; 

(d)  there  exists  a  vertex  v  in  G  of  degree 
five  such  that  if  the  neighbours  of  v  are 
{ui,u2,u3,u4,u5}  with  dG(ui)  <  ...  <  dG{u 5), 
then  dG(u3 )  <  11,  dG(u2)  <  9,  dG(uy)  <  6  and 
the  edge  vui  is  contained  in  a  triangle. 

The  existence  of  the  specific  vertices  in  Lemma  6 
makes  it  possible  to  obtain  an  inductive  proof  of 
Theorem  4.  The  inductive  step  used  is  not  the  nor¬ 
mal  removal  of  a  vertex,  but  the  contraction  of  an 
edge.  We’ll  leave  the  details,  because  they  are  not 
really  enlightening. 

The  idea  to  reduce  the  labelling  of  a  planar  graph 
to  that  of  the  labelling  of  a  smaller  planar  graph 
obtained  by  contracting  an  edge  of  the  graph  has 
an  interesting  counterpart  if  we  look  at  the  cellu¬ 
lar  network  the  graph  originated  from.  Contract¬ 
ing  an  edge  in  the  associated  graphs  corresponds  to 
removing  the  border  between  two  cells  in  the  net¬ 
work.  Thus  the  algorithm  which  underlies  the  proof 
of  Theorem  4  can  be  paraphrased  as  follows  in  the 
cellular  network : 

Step  1 :  find  a  cell  with  a  small  number  of  neigh¬ 
bours  and  such  that  its  neighbours  also  only  have  a 
relatively  small  number  of  neighbours,  similar  to  the 
vertices  in  the  lemma  above; 

Step  2:  join  the  cell  found  in  Step  1  with  its 
neighbouring  cell  of  smallest  degree; 
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Step  3  :  find  a  labelling  of  the  smaller  network 
(e.g.  by  repeating  the  algorithm); 

Step  4:  restore  the  border  between  the  cells 
joined  in  Step  2,  and  give  the  original  label  of  the 
large  cell  to  the  cell  which  is  the  neighbour  of  the 
cell  found  in  Step  1; 

Step  5  :  greedily  assign  a  label  to  the  cell  with¬ 
out  a  label  which  was  formed  in  Step  4. 

The  algorithm  above  will  be  able  to  finish  the  la¬ 
belling  if  the  number  of  labels  is  at  least  the  num¬ 
ber  of  labels  given  by  the  bound  in  Theorem  4.  Of 
course,  this  bound  assumes  a  worst  case  scenario,  so 
in  many  cases  a  significant  smaller  number  of  labels 
will  be  enough.  Also,  because  of  its  greedy  structure 
it  is  unlikely  that  the  algorithm  will  give  a  best  pos¬ 
sible  labelling.  Nevertheless,  it  seems  an  interesting 
problem  to  explore  if  the  approach  can  be  gener¬ 
alised  to  cellular  networks  in  which  the  interference 
structure  is  more  complicated  than  the  one  we  have 
assumed  in  this  note. 
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1.  Introduction 

Reporting  from  the  first  year  after  the 
implementation  of  the  EMC  directive,  we  concluded, 
nothing  is  perfect  at  the  beginning  and  regulations  need 
time  to  be  optimised  regarding  their  actual  procedures. 
We  also  pointed  out  "  Besides  competition  the  market 
policing  plays  an  important  role  to  ensure  fair 
competition  and  reduced  barriers  to  trade.”  Although 
much  progress  has  been  made  in  the  enforcement  of  the 
EMC  in  Germany  (BAPT  is  now  re-organised  and 
called  Reg.  TP,  which  is  reporting  to  the  ministry  of 
economic  affairs  since  1998-01-01).  however  the 
market  place  with  the  overwhelming  majority  of  small 
and  medium  size  companies  still  try  to  get  a  way  doing 
nothing  but  affixing  the  CE  mark  and  issuing  a 
conformity  declaration.  Nobody  says  that  testing  is 
mandatory  but  how  is  a  company  going  to  prove  due 
diligence  in  court  without  proper  evidence  to  support 
their  case.  Prosecution  in  the  UK  (October  1997) 
already  demonstrated  to  a  computer  assembler,  CE  + 
CE  +  CE  is  not  CE,  in  spite  of  the  fact  that  the  new 
EMC  guideline  by  the  commission,  June  1997,  says  so. 
If  the  testing  of  each  individual  CE  marked  component 
would  have  been  done  with  due  consideration  of  a  later 
system  integration,  the  legal  formula  could  be  correct. 

2.  European  Association  of  Competent  Bodies 

The  new  set  of  guidelines  is  a  very  useful 
document,  which  was  created  among  others,  with  the 
help  of  the  Association  of  Competent  Bodies  (ACB). 
This  started  in  Rom  at  the  EMC  conference  in 
September  1997  and  went  all  the  way  to  the  end.  It  is 
important  to  know,  that  this  document  has  no  legal 
status.  Overall,  the  number  of  CBs  has  grown  over  100 
throughout  the  EU  with  the  highest  number  in  the  UK 
and  directly  follow'ed  with  about  30  in  Germany.  At  the 
beginning  of  1998  the  EC-commission  has  initiated  the 
formation  of  the  EC  ACB.  This  organisation  is  no 
longer  funded  by  it's  members  (700  XEU  per  year).  The 
new  organisation  works  in  co-operation  with  EOTC 
which  will  normally  provide  the  administration,  funded 
by  the  EC-commission.  ECACB  is  similarly  structured 


as  the  equivalent  Notified  Body  association.  In  this 
respect,  mainly  dealing  with  radio  transmitters  and 
TTE  equipment,  the  legal  situation  is  undergoing 
dramatic  changes  following  the  general  trend  of  de¬ 
regulation.  ACBs  major  achievement  is  the 
harmonisation  of  CB  decisions  in  Europe  due  to  the 
technical  working  group's,  technical  guidance  notes 
(TGN).  About  7  representatives  throughout  Europe  are 
working  as  technical  experts  (the  author  represents 
Germany).  Some  new  TGNs  (No.  13  -  20)  deal  with  the 
following  issues: 

1 3 .  Testing  frequency  converters 

14.  Testing  to  EN  61000-3-2  (1995) 

15.  Conformity  declarations  including  deviations  from 
standards 

16.  EN  61800-3 

17.  Immunity  failures  within  the  TCF 

18.  CE  +  CE  =  ? 

19.  Application  of  generic  standards  where  product 
specific  standards  exist 

20.  Manufacturers  of  Desk  Top  PCs,  etc... 

For  the  future  it  is  not  ruled  out  that  ACB  and 
ECACB  will  lead  to  a  peaceful  and  fruitful  coexistence. 
The  ACB  has  furthermore  given  many  professional 
presentations  to  educate  the  users  of  the  directive 
around  the  world. 

3.  Still  unresolved  problems 

Although  the  institution  of  the  CB  was 
originally  more  of  a  temporary  nature,  the  CB  are 
slowly  but  surely  gaining  acceptance  both  by  the 
authorities  as  well  as  the  clients.  This  is  because  they 
professionally  fill  an  existing  gap  and  help  bridging  an 
inherent,  technical  deficiency  in  some  (harmonised) 
standards.  This  is  to  say  in  the  field  of  product 
variances  and  deviations  from  the  standards  for 
technical  or  economical  reasons,  the  TCF  3-rd  party 
route  by  the  Competent  Body  can  lead  to  substantial 
cost  savings.  It  goes  without  saying  CBs  can  give  the 
highest  level  of  assurance  in  meeting  the  protective 
requirements  of  the  directive.  This  comes  in  at  a  higher 
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level  of  justification  to  have  done  everything  as  just  the 
presumption  of  conformity  under  the  self  declaration 
route.  CBs  are  nationally  appointed  legal  entities  which 
must  have  professional  liability  insurance.  In  most 
countries  including  Germany,  market  enforcement  is 
entirely  supported  by  tax  payer's  money.  There  are  54 
field  offices  and  more  than  100  enforcement  officers 
and  some  specialised  EMC  government  labs.  It  is 
difficult  to  understand,  why  Germany  does  not  involve 
those  professional  EMC  Laboratories  and  CBs  which 
their  own  accreditation  office  has  successfully  assessed. 
Does  this  mean,  the  Reg.  TB  does  not  trust  their  own 
accreditation  effort?  Other  countries  naturally  do  the 
opposite.  Sometimes,  the  in  principle  admirable  efforts 
of  the  German  EMC  market  enforcement  appear 
questionable  in  efficiency  and  drive.  The  PTT  ministry 
change  of  the  Reg.  TB  to  the  equivalent  of  the  British 
DTI  in  Germany  leads  some  German  people  and 
politicians  to  believe  that  the  action  against  violations 
of  the  German  EMC  act  are  not  fully  taken  serious. 
However,  since  recently  the  new  Reg.  TB  can  issue 
financial  enforcement  sanctions  of  up  to  1  Mio.  DM. 
Unfortunately  this  news  doesn't  really  penetrate  the 
market  place.  Consequently  there  are  very  many  black 
sheeps  which  get  a  way  with  almost  nothing.  Very 
often  the  enforcement  agency  uses  a  totally 
unacceptable  argument  of  "We  can't  be  to  harsh  with 
the  manufacturers  in  economically  difficult  times". 
Thinking  this  through,  reveals  exactly  the  opposite, 
namely  a  blank  cheque  to  unfair  competition.  Unfair 
competition  is  introduced  by  those  manufacturers, 
doing  nothing  in  comparison  to  those  fulfilling  the 
requirements  of  the  law  and  spending  considerable 
money  to  get  their  products  compliant. 

Aside  from  the  CBs  there  are  more  than  100 
accredited  EMC  laboratories  in  Germany.  EMC 
however,  is  not  the  only  directive,  which  means  the 
trend  in  the  labs  goes  to  one-stop-shopping  in  order  to 
attract  and  keep  customers.  The  accreditation  is  slowly 
but  surely  tightening  the  reaccreditation  conditions  for 
the  laboratories  to  help  sorting  out  the  black  sheeps 
from  the  white  sheeps.  How  can  a  laboratory  fulfil  the 
required  test  time  as  given  by  the  standards,  while  only 
asking  for  30  %  of  the  regular  fees?  There  is  a  lot  of 
unfair  competition  but  the  market  forces  and  the  clients 


will  certainly  in  the  long  run  appreciate  correctness, 
professionalism  and  reliability.  An  other  trend  may 
lead  to  outsourcing  of  services.  This  however,  is  not  as 
popular  as  in  North  America  and  Asia. 

4.  Future  perspectives 

The  never  ending  story  of  the  conflict  between 
overdoing  the  market  surveillance  or  just  letting  go  will 
certainly  continue.  There  is  always  a  need  for 
professional  services  which  are  competitive  and 
competent.  Looking  into  the  Crystal  ball  of  global 
EMC,  it  becomes  clear,  compliance  is  more  and  more 
important  to  meet  economical  and  regulatory  constrains 
with  due  consideration  of  time  to  market.  On  the  other 
hand  it  is  pretty  clear,  testing  is  somehow  local.  The 
mutual  recognition  agreement  (MRA)  will  certainly 
have  an  impact  on  the  EMC  business  in  Europe. 
Namely,  the  MRA  with  USA  seems  to  be  helping  the 
US  companies  rather  than  the  European  side  because 
export  figures  in  electronics  are  much  higher  from  the 
US  to  Europe  than  vice  versa. 
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Article  3  of  the  EMC-Directive  89/336/EEC  deter¬ 
mined,  that  Member  States  shall  take  all  appro¬ 
priate  measures  to  ensure  that  all  apparatues  cov¬ 
ered  by  the  directive  and  placed  on  the  market 
bears  the  CE  marking  provided  for  in  Article  10 
indicating  its  conformity  to  the  EMC  protection 
requirements. 

The  German  Competent  Authority  for  enforcement 
of  the  EMC  Directive  (89/336/EWG)  and  the  Tele¬ 
communications  Terminal  Equipment  Directive 
(91/236/EWG),  the  Federal  Office  for  Posts  and 
Telecommunications  (BAPT)  startet  in  1995  their 
policing  activities  concerning  market  surveillance. 
The  provisions  concerning  the  testing  of  equipment 
on  the  market  wich  have  to  be  complied  with  in 
Germany  are  not  only  based  on  the  EMVG  (Ger¬ 
man  EMC  Act)  but  also  on  the  Telecommunication 
Act  (TKG)  wich  transposed  the  TTE  Directive  into 
national  law. 


The  German  market  for  equipment  covered  by  the 
EMC  Directive  contains  about  250  million  units 
per  year.  This  is  approximately  30%  of  the  Euro¬ 
pean  market.  Specifically,  this  includes: 

•  200  million  apparatus  per  year 

•  50  million  components  performing  a  direct  fun¬ 
ction  per  year,  comprising  approximately 

•  65,000  different  types  of  equipment,  placed  on 
the  market  by 

•  50,000  individuals  and  handeled  by 

•  100,00  product  providers  and/or  trade  compan¬ 
ies. 

In  1997  the  civil  servants  of  the  BAPT  checked 
approimately  37,000  electrical  products. 

The  result  of  this  market  surveillance  and  the 
system  developed  for  this  goal  will  be  presented  in 
the  lecture. 


Reg  TP  Measurement  Strategic 


Measurement  quantities  per  year  (total :  9,600  units) 
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Results  of  EMC  market  surveillance  in 
Germany  in  1997  by  the  Bundesamt  fur 
Post  und  Telekommunikation 

In  view  of  the  vast  number  of  items  placed  on  the 
German  market  every  year  (approximately  200m. 
pieces  of  equipment,  50m  components  and  65,000 
new  equipment  types)  it  is  neither  feasible  nor 
envisaged  to  cany  out  tests  on  every  single  item. 
Hence  a  rating  system  based  on  the  relevant  pro¬ 
duct  standards  and  market  volumes  was  used  for 
selecting  37.600  items  which  were  then  subjected 
to  a  visual  inspection. 

The  tests  were  carried  out  for  the  first  time  on  the 
basis  of  a  new  market  surveillance  strategy,  using 
a  newly  developed  software  tool. 

The  results  for  1997  revealed  as  many  as  1,100 
cases  involving  shortcomings  in  the  CE  marking, 
corresponding  to  3%  of  all  tested  products. 

A  total  of  4,410  EC  declarations  of  conformity  had 
to  be  presented,  of  which  2,498  did  not  meet 
requirements  or  were  not  submitted  before  the 
specified  deadline. 

1,535  of  the  37,600  individual  items,  i.e.  roughly 
4%  of  the  tested  products,  were  placed  on  the 
market  by  other  EEA  Member  States  as  shown  in 
the  table  below. 


Belgium 

92  items 

6% 

Denmark 

53  items 

3% 

France 

141  items 

9% 

Great  Britain 

174  items 

11% 

Italy 

399  items 

27% 

Netherlands 

422  items 

28% 

Austria 

139  items 

9% 

Other  EEA  countries 

1 15  items 

7% 

In  the  second  half  of  1997  a  total  of  119  defects 
were  identified  in  items  placed  on  the  market  by 
the  "Other  EEA  countries". 

In  51  cases  the  marking  obligation  requirements 
had  not  been  met. 

In  48  cases  shortcomings  were  discovered  in  the 
EC  declaration  of  conformity. 


In  20  cases  the  EMC  protection  requirements  had 
not  been  satisfied. 

In  all  cases  the  competent  authorities  were  notified 
of  the  findings  to  enable  them  to  take  corrective 
measures. 

Tests  on  several  production  models  in  a  series  (i.e. 
excluding  single  measurements  on  unique  pro¬ 
ducts)  yielded  the  following  results. 


Product  Categories  j 

Product  category 

Tested  items 

Nonconforming 

Percentage 

1  Domestic  appliances 

1556 

285 

18% 

2  Electr./electronic  eq. 

1180 

379 

32% 

3  Illumination  facilities 

262 

109 

42% 

4  IT/office  equipment 

178 

50 

28% 

5  Consumer  electronics 

203 

103 

51% 

6  Telecoms  app. 

153 

25 

16% 

7  Radiocoms  equip. 

5 

0 

0% 

8  Industrial  equip. 

65 

10 

15% 

9  Medical  devices 

5 

0 

0% 

10  Scientific  equip. 

10 

5 

50% 

1 1  Wiring  mat. /access. 

35 

5 

14% 

12  Other 

40 

5 

13% 

In  the  above  table,  "nonconforming"  means  that 
the  EMC  protection  requirements  had  not  been 
fulfilled. 

In  120  cases  administrative  fines  proceedings  were 
instituted  against  the  parties  who  had  placed  the 
items  on  the  market.  The  administrative  fines 
varied  between  DM  100.-  and  DM  30,000.-.  In 
addition,  charges  in  accordance  with  the  EMC 
Cost  Ordinance  w  ere  levied  in  100  of  these  cases. 

In  23  cases  the  item  was  no  longer  permitted  to  be 
placed  on  the  market  and  the  safeguard  clause  in 
the  EMC  Directive  was  invoked,  i.e.  the  Commis¬ 
sion  was  notified  of  the  restriction  in  the  placing 
on  the  market.  In  such  cases  the  Commission 
informs  the  other  EEA  countries  of  the  sanctions 
imposed. 
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Abstract:  The  paper  outlines  a  manufacturer's 
experience  of  the  EMC  Directive  from  its  draft 
consultation  stage,  through  its  publication  in  the 
"Official  Journal",  its  transition  period,  and  finally 
during  its  first  two  years  as  a  mandatory  requirement. 
An  outline  is  presented  of  the  evolution  of  this 
manufacturer's  approach  to  compliance  and  the 
assessment  of  conformity.  Some  of  the  encountered 
difficulties  are  discussed  and  some  solutions  suggested. 
The  paper  concludes  by  looking  to  the  immediate 
future  and  offering  advice  on  how  manufacturers  might 
become  more  pro-active  in  their  approach. 

1.  INTRODUCTION 

Although  the  EMC  Directive  has  been 
mandatory  since  January  1  1996,  many  manufacturers' 
experience  of  it  goes  back  somewhat  further;  in  the  UK, 
the  Institution  of  Radio  and  Electronic  Engineers  held  a 
colloquium  on  the  (then  draft)  EMC  Directive  in 
February  1988.  For  the  400  or  so  attendees,  it  was  the 
their  first  acquaintance  with  the  draft  text.  The  original 
Directive  was  published  in  the  "Official  Journal  of  the 
European  Communities"  on  May  23  1989.  The 
Directive  was  in  fact  mandatory  on  January  1  1992, 
until  the  issuing  of  the  amending  Directive  on  April  28 
1992  provided  for  the  transition  period. 

2.  THE  APPROACH  TO  CONFORMITY 

It  was  obvious  from  the  outset  that  EN  55022 
would  be  the  emission  standard  for  ITE,  and 
compliance  with  this  standard  became  a  design 
objective  for  our  products  around  1988;  as  CISPR  22  it 
was  also  becoming  a  legal  requirement  in  some 
countries  around  that  time.  Five  emission  standards  in 
the  EN  550XX  series  were  listed  in  the  "Official 
Journal"  on  February  19  1992. 


2.1.  Technical  construction  file  approach 

For  most  product  types,  no  immunity  standard 
existed  on  January  1  1992.  EN  50082-1,  the  generic 
immunity  standard  for  residential,  commercial  and 
light  industrial  environments  was  published  by 
CENELEC  later  that  month  and  was  listed  in  the 
"Offical  Journal"  in  April  1992.  Strictly,  therefore,  the 
Technical  Construction  File  (TCF)  was  the  only 
method  of  demonstrating  conformity  until  that  date, 
although  the  UK  Department  of  Trade  and  Industry 
stated  informally  that  they  would  take  no  action  on 
products  for  which  conformity  was  based  on  EN  50082- 
1  and  the  appropriate  emission  standard. 

In  fact,  although  the  three  immunity  tests 
specified  in  EN  50082-1  were  widely  anticipated,  few 
products  already  on  the  market  before  1992  had  been 
designed  to  comply  with  them,  and  in  reality  the  TCF 
was  the  only  alternative  for  many  manufacturers.  The 
EMC  community  in  my  own  company  had  already 
agreed  a  format  and  content  for  a  TCF  for  our  products; 
it  was  based  on  compliance  with  a  set  of  company 
standards  on  immunity,  developed  over  many  years  in 
response  to  EMC  problems  in  the  field.  The 
appointment  of  competent  bodies  was,  quite  reasonably, 
assumed  by  the  competent  authorities  of  the  Member 
States  to  be  their  responsibility  (although  the  EMC 
Directive  does  not  state  this);  but  in  early  1992  none  of 
the  Member  States  had  enacted  the  national  legislation 
giving  their  competent  authorities  the  legal  instrument 
to  do  this.  Fortunately,  however  this  did  not  seem  to 
present  a  problem  in  the  Netherlands,  and  we  were  able 
to  use  the  services  of  competent  bodies  appointed  in 
that  country  early  in  1992. 

2.2.  Harmonised  Standards  approach 

In  the  latter  part  of  1991,  as  the  immunity 
requirements  under  the  harmonised  standards  approach 
began  to  emerge,  products  entering  the  design  phase 
had  these  requirements  included  in  their  design 
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objectives.  Since  the  design  principles  needed  to 
comply  with  our  broadly-similar  company  EMC 
standards  were  already  embodied  in  the  products,  the 
major  effort  was  in  purchasing  new  test  equipment 
and/or  adapting  existing  test  equipment  to  perform  the 
new  tests.  By  mid- 1992,  we  were  able  to  place  on  the 
market  product  types  complying  with  the  applicable 
harmonised:  standards,  and  have  continued  to  do  so 
since  then,  while  keeping  aware  of  the  continuously- 
evolving  standards  situation. 

2.3.  Company  standards 

During  the  last  five  years,  answering  queries 
from  all  parts  of  the  company,  as  well  as  discussing 
broader  issues  in  an  industry-wide  forum,  has  enabled 
me  to  crystallise  my  ideas  on  how  and  if  the  Directive 
applies  in  various  situations,  and  on  how  to  approach 
the  assessment  and  attestation  of  conformity.  These 
ideas  have  been  embodied  in  a  company  standard 
which  draws  together  the  general  information 
contained  in  the  Directive  itself,  in  the  European 
Commission  guideline  to  the  application  of  the  EMC 
Directive,  and  in  the  lists  of  standards  published  in  the 
"Official  Journal".  The  information  is  tailored  to 
express  it  in  a  way  relevant  to  the  company's  products 
and  reflecting  my  interpretation,  where  necessary.  It 
specifies  the  scope  of  the  Directive,  as  far  as  is  relevant 
to  our  products,  outlines  the  applicable  technical 
requirements  under  the  harmonised  standards  and 
Technical  Construction  File  approaches,  and  specifies 
how  we  have  chosen  to  address  the  conformity 
assessment  procedures  and  filing  requirements. 
Reference  is  made  to  other  company  standards,  which 
specify  in  detail  the  test  methods  and  performance 
requirements  for  each  test. 

I  consider  it  a  worthwhile  effort  to  write  these 
standards  and  keep  them  up  to  date,  rather  than  to 
direct  people  to  the  appropriate  CENELEC  product, 
generic  and  basic  standards.  In  the  company  standards, 
the  technical  requirements  of  the  CENELEC  standards 
are  tailored  to  apply  to  our  product  range.  Where  the 
CENELEC  standard  is  ambiguous  or  unclear,  the 
company  standard  reflects  my  interpretation.  For 
example,  the  operating  conditions  and  performance 
criteria  in  the  generic  immunity  standards  are 
necessarily  of  a  very  general  nature.  The  company 
standards  can  be  much  more  specific. 

By  having  one  standard  for  each  test,  it  is 
possible,  in  the  case  of  the  immunity  standards,  to  draw 
together  the  test  levels  for  that  test  for  the  two 
environments  covered  by  the  generic  standards,  with 
the  test  method  from  the  appropriate  basic  standard, 
and  performance  criteria  expressed  in  a  way  relevant  to 
the  company's  products.  Future  changes  to  the 
CENELEC  standards,  still  in  the  draft  stage,  are 
included  in  the  company  standards  as  Annexes  for 
information  only. 


2.4.  Joint  EC  Declarations  of  Conformity 

Until  1995,  most  EC  Declarations  of  Conformity 
addressed  only  the  EMC  Directive,  and  were  processed 
by  the  EMC  Laboratory.  From  1995,  by  virtue  of  the  so 
called  "CE  Mark  Directive",  it  became  optional,  for 
most  products,  to  include  the  Low  Voltage  Directive  on 
the  Declaration.  From  1997,  it  became  mandatory  to  do 
so.  We  have  developed  a  format  for  the  Declaration  in 
which  the  Directives  are  listed  on  a  front  sheet  with  a 
signed  statement  of  conformity.  For  each  Directive,  a 
schedule  is  attached,  listing  the  harmonised  standards 
applied  under  that  Directive,  and  details,  where 
applicable,  of  any  notified  or  competent  bodies  which 
were  involved  in  the  conformity  assessment. 

The  assessment  of  conformity  with  the  Low 
Voltage  Directive  is  undertaken  by  a  separate  Product 
Safety  function;  the  EMC  Laboratory  co-ordinates  the 
assessments  and  processes  the  Declaration. 

As  more  Directives  become  applicable,  and  as 
the  product  range  diversifies  so  that  some  products  fall 
within  the  scope  of  other  Directives,  this  co-ordination 
will  become  much  more  difficult. 

3.  ADDRESSING  THE  ISSUES 
3.1.  Customer  awareness 

The  high  level  of  customer  awareness  of  the 
EMC  Directive  was  quite  unexpected.  We  receive  many 
queries  concerning  compliance  with  EMC  standards; 
sometimes  the  queries  concern  draft  or  inapplicable 
standards,  so  that  the  answer  is  not  straightforward. 
Customer  demand  for  copies  of  EC  Declarations  of 
Conformity  has  been  overwhelming.  At  the  peak  of  the 
demand  in  1995,  my  site  alone  was  dealing  with  five  or 
six  requests  per  day,  some  requesting  lengthy  lists  of 
Declarations.  This  led  the  company  to  establish  a 
corporate  database  of  compliance  documents,  where  the 
site  processing  a  certification  loads  an  image  of  the 
documents  onto  the  database.  Any  person  needing  a 
copy  of  a  Declaration,  in  order  to  respond  to  a  request 
from  a  customer  or  from  a  national  authority,  can 
access  the  database  and  print  the  image  at  his  own 
location. 

Most  of  the  company  EMC  laboratories  now 
have  web  sites  on  the  company  Intranet,  from  which 
images  of  the  EC  Declarations  processed  by  that 
laboratory  are  available.  Test  reports  (which  are 
generally  too  large  for  the  compliance  database)  can  be 
accommodated  at  the  web  sites;  these  are  frequently 
needed  for  national  certifications  in  various  countries, 
and  may  be  accessed  by  company  officers  in  those 
countries  for  that  purpose. 
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3.2  Components 

During  1995  and  1996,  there  was  much 
discussion  on  the  extent  to  which  components  were 
covered  by  the  EMC  Directive,  insofar  as  separate 
conformity  assessment  and  CE  Marking  was  required. 
At  the  same  time,  the  Commission  were  debating  the 
same  subject  in  meetings  with  government  and  industry 
experts,  so  that  it  could  be  addressed  in  the  EMC 
Directive  guidelines.  The  new  criterion  for  applicability 
(for  components  "placed  on  the  market"  within  the 
meaning  of  the  Directive)  is  the  performance  of  a 
"direct  function  for  the  end  user".  Even  this  is  open  to 
different  interpretations,  particularly  as  applied  to  CPU 
and  memory  modules.  I  have  suggested  that  the  IT 
industry  associations  should  establish  an  industry-wide 
agreement  on  which  of  its  components  satisfies  this 
criterion,  in  the  interests  of  keeping  a  level  playing 
field.  My  personal  preference  would  be  for  the 
Directive  to  apply  to  all  components  capable  of 
generating  a  disturbance  (and  which  are  placed  on  the 
market);  this  is  a  much  easier  concept  to  understand. 
Since  all  components  will  have  been  included  in  the 
configuration  for  the  testing  of  at  least  one  product  type 
(usually  several),  there  is  no  need  to  perform  a  test 
specifically  for  a  component.  To  reduce  the  burden  of 
processing  Declarations  of  Conformity  for  hundreds  of 
components,  where  possible  we  group  them  into 
families  of  similar  components,  and  issue  one 
Declaration  for  the  whole  family  (e.g.  parity  single  in¬ 
line  memory  modules).  The  Declaration  has  an 
Appendix  listing  all  the  part  numbers  in  the  family  and 
identifying  the  product  type  in  which  they  were  tested. 
Each  test  report  routinely  includes  the  component  list 
by  part  number  for  the  product  which  was  tested,  so 
this  provides  a  cross-reference  in  the  conformity 
documentation. 

3.3  The  harmonics  debacle 

By  far  the  most  cost  in  expense  and  man-hours 
were  incurred  over  the  harmonics  standard  EN  61000- 
3-2.  This  issue  merits  description  in  some  detail,  not 
least  because  of  the  chaos  it  has  caused.  In  order  to 
understand  the  problem,  it  is  necessary  to  understand 
how  revisions  to  standards  are  implemented  by 
CENELEC.  Each  standard  includes  a  foreword,  which 
specifies  a  "date  of  withdrawal"  which  is  the  latest  date 
by  which  any  conflicting  standards  must  be  withdrawn, 
and  some  forewords  also  include  a  "certification 
clause".  CENELEC  have  a  Memorandum  No.  6,  under 
which  certification  clauses  allow  voluntary  product 
certifications  to  the  previous  version  of  a  standard  to  be 
valid  for  a  limited  period  after  that  version  has  been 
withdrawn.  At  the  time,  in  the  absence  of  any 
contradiction  from  the  European  Commission,  it  was 
assumed  that  certification  clauses  were  also  valid  for 
the  purposes  of  the  EMC  Directive. 


EN  61000-3-2  was  a  more  complex  case;  its 
scope  was  very  much  enlarged  from  that  of  the  earlier 
standard  EN  60555-2,  which  covered  only  household 
appliances.  EN  61000-3-2  had  been  some  years  in  the 
making  in  IEC  (the  CENELEC  version  had  been 
approved  at  the  final  draft  stage  in  a  parallel  vote  with 
the  IEC  version)  and  most  companies  were  aware  of  it. 
However,  its  publication  in  May  1995  caused 
widespread  alarm.  Although  the  certification  clause 
was  understood  as  allowing  products  certified  to  EN 
60555-2  before  January  1  1996  to  continue  in 
production  until  January  1  2001,  it  was  assumed  that 
products  outside  the  scope  of  EN  60555-2  had  to 
comply  with  EN  61000-3-2  (if  using  the  "harmonised 
standards"  approach)  by  the  specified  date  of 
withdrawal,  July  1  1997,  a  date  which  most 

manufacturing  industries  considered  to  be 
unachievable.  Although  the  "date  of  withdrawal" 
strictly  has  no  meaning  for  such  products,  there  being 
no  conflicting  standard  to  withdraw,  I  verbally 
confirmed  the  above  interpretation  with  the  Chairman 
of  the  responsible  CENELEC  committee. 

Worse  was  to  follow.  It  was  soon  realised  that, 
unlike  its  companion  EN  61000-3-3  on  voltage 
fluctuations  and  flicker,  the  foreword  did  not  explicitly 
provide  for  any  delay  in  application  for  products  which 
were  outside  the  scope  of  the  earlier  standard,  and 
could  be  construed  as  implying  that  the  new  standard 
applied  immediately  to  these  products.  The  matter  was 
raised  with  CENELEC,  and  at  a  meeting  in  September 
1995,  attended  by  representatives  of  the  electricity 
supply  industry  (the  driving  force  behind  the 
production  of  the  standard),  and  various 
manufacturing  industries,  it  was  agreed  that  CENELEC 
would  propose  an  amendment  (A12)  changing  the  date 
of  withdrawal  to  June  1  1998,  and  explicitly  exempting 
products  outside  the  scope  of  EN  60555-2  until  that 
date.  The  amendment  was  subsequently  approved  by 
the  national  committees. 

Within  a  week  of  the  September  meeting, 
however,  EN  61000-3-2  and  EN  61000-3-3  had  been 
listed  in  the  "Official  Journal",  and  the  Commission 
were  reported  to  have  said  that  since  the  foreword  was 
not  legally  part  of  the  standard,  it  was  applicable 
immediately.  The  logic  of  this  is  difficult  to  follow, 
because  an  amendment  to  EN  60555-3  was  listed  in  the 
same  table  in  the  "Official  Journal",  and  following  this 
reasoning,  EN  60555-3  should  have  been  made  obsolete 
by  the  listing  of  EN  61000-3-3! 

The  matter  was  debated  at  great  length  at 
meetings  of  the  Commission  with  government  and 
industry  experts  in  November  and  December  1995.  The 
Commission  acknowledged  that  manufacturers  would 
not  be  able  to  comply  with  the  standard  for  some  time, 
but  insisted  that  some  alternative  action  would  have  to 
be  taken  from  January  1  1996  when  the  Directive 
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became  mandatory.  The  use  of  a  Technical 
Construction  File  (TCF)  was  discussed,  but  the  fact  is 
that  many  products  produce  harmonics  because 
compliance  with  harmonics  limits  was  never  in  their 
design  objectives  as  it  was  not  a  requirement  at  that 
time,  and  no  TCF  can  alter  that  fact.  A  TCF  might  be 
used  for  product  types  which  are  in  service  in  very  low 
numbers  and  low  geographical  concentrations,  thus 
presenting  a  low  risk  of  interference;  but  a  consultation 
within  the  IT  industry  showed  that  there  were  still  large 
numbers  of  products  to  which  this  argument  did  not 
apply.  In  any  case,  the  industry  representatives  at  the 
meeting  objected  in  principle  to  being  forced  to  use  a 
TCF  from  the  moment  a  standard  was  changed,  if  the 
product  was  unable  to  comply  with  it  immediately.  The 
implication  is  that  this  would  be  necessary  every  time  a 
new  or  revised  standard  is  published. 

Another  suggestion  was  to  apply  the  generic 
emission  standard  EN  50081-1.  This  specifies  no 
harmonics  or  flicker  requirements  for  products  outside 
the  scopes  of  ENs  60555-2  and  -3. 

Applying  EN  50081-1  causes  another  problem; 
it  requires  compliance  with  the  Class  B  limits  of  EN 
55022  at  radio  frequencies  (150  kHz  -  1  GHz),  even  for 
an  industrial  IT  product,  which  would  generally  comply 
only  with  the  more  relaxed  Class  A  limit.  Even  more 
absurdly,  it  would  require  ISM  or  professional  lighting 
equipment  to  comply  with  the  EN  55022  Class  B  limit. 
Of  course,  these  products  have  product-family 
standards  (EN  55011, 

EN  55015)  with  completely  different  limits 
(generally  much  more  relaxed  than  EN  55022  Class  B), 
and  these  take  precedence  over  EN  50081-1.  Applying 
these  standards  would  mean  that 

EN  50081-1  were  being  applied  only  in  part  (i.e. 
at  frequencies  covered  by  harmonics  and  flicker 
standards),  and  the  product-family  standards  were 
being  applied  at  radio  frequencies.  At  the  time,  I 
verified  with  CENELEC  that  generic  standards  are  not 
intended  to  be  used  in  this  way.  In  any  case,  it  is  not 
possible  for  an  EC  Declaration  to  make  reference  to 
part  of  a  standard.  On  the  other  hand,  there  is  also  a 
difficulty  in  claiming  that  a  product-family  standard 
covering  only  radio  frequencies  takes  precedence  over  a 
generic  standard  which  covers  a  wider  frequency  range. 
A  standard  cannot  strictly  take  precedence  over  another 
unless  it  covers  the  same  frequency  ranges  or 
disturbance  types. 

In  1997,  the  situation  was  considered  in  the 
wider  context  of  the  general  principle  for  the 
transitional  arrangements  for  new  and  revised 
standards  under  the  EMC  Directive,  which  is  discussed 
in  detail  below.  At  one  point  the  problem  appeared  to 
be  resolved  by  a  proposal  to  include  notes  with  the 
references  to  ENs  61000-3-2  and  -3  in  the  "Official 


Journal",  stating  explicitly  that  compliance  under  the 
harmonised  standards  approach  for  products  outside  the 
scope  of  the  old  ENs  60555-2  and  -3  would  be  required 
from  June  1  1998.  Further  ENs  in  the  61000-3-X  series 
are  planned,  specifying  harmonics  and  flicker  limits  for 
products  with  input  current  greater  than  16  A.  It  is 
intended  that  these  also  provide  alternative  means  of 
compliance  for  products  which  are  unable  to  comply 
with  ENs  61000-3-2  and  -3  (by  allowing  connection  on 
a  conditional  basis).  Because  there  was  no  likeliehood 
of  these  new  standards  being  completed  until  well  after 
June  1  1998,  the  CENELEC  Technical  Board  (BT) 
decided  to  change  the  dates  of  withdrawal  for  ENs 
61000-3-2  and  -3  to  January  1  2001,  so  that 
manufacturers  could  avoid  expensive  redesigns  of  their 
products  which  would  no  longer  be  necessary  when  the 
alternative  methods  of  compliance,  provided  by  the  new 
standards,  became  available.  They  also  deleted  the 
aforementioned  notes  from  the  standards  list  to  be 
forwarded  to  the  European  Commission  for  publishing 
in  the  "Official  Journal",  throwing  the  situation  for 
products  newly  in  the  scopes  into  confusion  once  again. 
There  were  many  different  interpretations  of  the 
situation  expressed  in  various  sectors  of  industry. 

In  July  1997,  the  BT  initiated  a  vote  to  withdraw 
the  amendment  A 12,  and  this  was  approved  by  the 
national  committees.  Corrigenda  were  issued  to  the 
forewords  of  ENs  61000-3-2  and  -3,  in  which  the  dates 
of  withdrawal  were  confirmed  as  January  1  2001,  but 
deleting  the  explicit  delays  in  application  for  products 
outside  the  scopes  of  the  earlier  standards. 

Later  the  BT,  in  conjunction  with  the 
Commission,  produced  an  "informative  letter", 
attempting  once  more  to  clear  up  the  confusion,  and 
distributed  it  to  the  national  committees.  The  letter  was 
vague  and  difficult  to  follow,  but  it  seemed  to  suggest 
(though  not  explicitly)  that  either  the  generic  emission 
standard  EN  50081-1  or  the  Technical  Construction 
File  provided  the  solution.  These  were  precisely  the 
arguments  which  had  been  debated  in  1995,  i.e. 
progress  had  been  set  back  two  years! 

The  Commission  have  subsequently  issued  a 
discussion  paper  which  confirms  the  EN  50081-1 
alternative.  Their  intention  to  delay  the  mandatory 
application  of  ENs  61000-3-2  and  -3  under  the 
harmonised  standards  approach  is  clear,  even  if  the 
method  of  reaching  this  conclusion  is  problematic.  The 
IT  industry  therefore  agreed  that  it  would  regard 
January  1  2001  as  the  mandatory  date  for  compliance 
with  ENs  61000-3-2  and  -3. 

The  problems  with  EN  61000-3-2  were  not  just 
related  to  its  effective  date;  several  technical 
ambiguities  have  been  discovered,  which  mean  that 
different  laboratories  may  test  in  different  ways  and 
obtain  different  results  on  the  same  product,  and 
different  test  equipment  would  yield  different  results  on 
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the  same  product.  A  CENELEC  Working  Group 
continues  to  try  to  resolve  these  problems,  but 
meanwhile  the  CENELEC  BT  complain  about  what  it 
calls  the  "unceasing  pressure  on  EN  61000-3-2."  This 
is  a  disappointing  response.  Standards  which  define 
limits  for  such  a  vast  range  of  different  products  are 
always  going  to  be  fraught  with  difficulty.  The  concerns 
raised  by  the  IT  industry  have  had  a  particularly  high 
profile,  but  the  UK  national  committee  for  low- 
frequency  EMC  have  also  considered  concerns  raised 
by  the  lighting,  refrigeration,  heating  and  ventilation 
industries  that  low-frequency  emission  limits  will 
exclude  some  of  their  products  from  the  market.  Surely, 
it  makes  no  sense  for  a  limit  to  apply  to  an  enormous 
diversity  of  product  types  which  have  greatly  differing 
potentials  for  causing  interference  because  of,  for 
example,  the  differing  numbers  in  service  and  differing 
degrees  of  simultaneity  of  use.  Interestingly,  the 
Introduction  which  appears  in  all  the  IEC  1000  /  EN 
61000  series  of  standards  implies  that  there  is  a 
possibility  of  product  committees  setting  their  own 
immunity  limits,  but  not  their  own  emission  limits. 
Perhaps  the  view  is  that  the  consequences  of  excessive 
emissions  are  more  serious,  and  therefore  product 
committees  are  not  to  be  trusted  to  set  their  own  limits. 
However,  in  CISPR,  several  product  subcommittees  set 
their  own  RF  emission  limits,  and  these  have  proved 
perfectly  adequate  for  the  protection  of  the  RF 
spectrum. 

3.4  Transitional  arrangements  for  standards 

The  harmonics  issue  finally  brought  to  a  head 
the  problem  of  transitional  arrangements  for  new  and 
revised  standards.  It  is  clear  that  the  certification 
clauses  cannot  be  included  in  standards  which  confer 
on  a  product  the  presumption  of  conformity  with  a  New 
Approach  Directive;  in  the  Commission's  words,  "...  a 
standard  cannot  give  ....  exemptions  from  requirements 
regarding  the  placing  on  the  market  of  products 
covered  by  New  Approach  Directives  ...".  CENELEC 
are  taking  steps  to  delete  the  certification  clauses  from 
all  standards  which  have  been  listed  in  the  "Official 
Journal"  in  connection  with  New  Approach  Directives. 
In  most  cases,  the  date  of  withdrawal  has  been 
amended  to  coincide  with  the  date  specified  in  the 
former  certification  clause. 

Fortunately,  the  Commission  do  acknowledge 
the  need  for  sufficient  time  for  manufacturers  to  adapt 
product  designs  to  new  standards  and  to  continue 
manufacturing  to  old  designs  until  the  new  ones  are 
ready.  They  have  agreed  on  a  method  of  presentation  of 
standards  in  the  "Official  Journal"  in  which  a  "date  of 
cessation"  of  the  presumption  of  conformity  conferred 
by  the  old  standard  is  specified.  This  date  will  normally 
be  the  same  as  the  date  of  withdrawal  specified  in  the 
foreword.  At  the  time  of  writing,  however,  this 
presentation  fails  to  address  two  important  cases,  in 


which  there  is  no  superseded  standard,  and  for  which 
the  date  of  cessation  of  presumption  of  conformity 
therefore  has  no  meaning: 

1.  The  case  where  a  new  standard 

supersedes  no  previous  standard,  e.g.  the  European 
versions  of  the  future  IEC  1000-3-9  and  1000-3-10. 

2.  The  case  where  a  new  standard 

supersedes  a  standard  with  a  narrower  scope;  for 
products  outside  the  scope  of  the  previous  standard, 
there  is  no  superseded  standard.  This  is  the 
precisely  the  "EN  61000-3-2"  problem. 

In  these  cases  the  presentation  in  the  "Official 
Journal"  must  include  a  statement  giving  meaning  to 
the  date  of  cessation  of  presumption  of  conformity,  i.e. 
it  must  state  explicitly  that  a  product  newly  in  the  scope 
of  the  standard,  but  which  does  not  comply  with  it,  may 
continue  to  enjoy  the  presumption  of  conformity  with 
the  essential  requirements  until  the  specified  date  of 
cessation,  provided  of  course  that  it  complies  with  all 
other  applicable  standards  whose  dates  of  cessation 
have  passed. 

As  noted  above  in  the  discussion  of  the  EN 
61000-3-2  problem,  this  solution,  in  the  form  of  notes 
annotated  to  the  "Official  Journal"  references  for  ENs 
61000-3-2  and  -3,  has  been  considered,  but  seems  to 
have  been  rejected.  The  probable  reason  is  the 
Commission's  view,  expressed  during  the  deliberations 
on  the  EN  61000-3-2  problem,  that  since  the  new 
standard  represents  an  essential  requirement,  a  product 
must  still  conform  to  the  essential  requirement  even  if 
it  is  exempt  from  the  standard. 

This  leads  to  an  impossible  scenario.  The 
essential  requirements  cover  all  frequencies  and  all 
disturbance  types  capable  of  causing  interference.  This 
implies  that  until  there  are  standards  for  all  such 
frequencies  and  disturbance  types,  a  TCF  must  be  used. 
The  standards  committees  are  producing  more  and 
more  new  standards  (see  the  discussion  below  on  the 
proliferation  of  standards);  how  will  we  know  when  the 
process  is  complete  ?  It  shows  no  signs  of  ever  being 
complete.  Most  manufacturers  do  not  know  about  a 
standard,  and  certainly  have  not  seen  its  contents,  until 
it  is  published.  Until  then,  it  is  unlikely  that  a  product 
will  have  design  objectives  to  limit  emissions  at 
frequencies  covered  by  new  emission  standards  and 
certainly  it  will  have  none  to  establish  immunity  to 
disturbances  covered  by  new  immunity  standards.  As 
noted  in  the  harmonics  case,  a  TCF  is  no  help. 

But  the  above  scenario  is  inconsistent  with  the 
fact  which  has  allowed  us  to  claim  conformity  with  the 
Directive  since  1992;  that  compliance  with  the 
applicable  harmonised  standards,  which  cover  only 
emissions  in  the  150  kHz  -  1  GHz  range  and  immunity 
to  three  types  of  disturbance,  nevertheless  confers  the 
presumption  of  conformity  on  our  products. 
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These  problems  could  be  solved,  together  with 
those  arising  from  trying  to  apply  only  part  of  EN 
50081-1  as  a  way  out  of  the  EN  61000-3-2  problem,  if 
all  the  product  and  product-family  standards  at  present 
covering  radio  frequencies  had  their  scopes  extended  to 
cover  all  frequencies.  For  radio  frequencies,  the  limits 
should  be  unchanged.  For  harmonics  and  flicker  (50  Hz 
-  2  kHz),  they  could  invoke  ENs  61000-3-2  and  -3.  For 
other  frequencies,  they  could  either  specify  "no  limits" 
or  "limits  under  consideration".  The  revised  product 
and  product-family  standards  could  be  given  dates  of 
withdrawal  of  January  1  2001. 

There  would  then  be  no  doubt  that  ENs  61000- 
3-2  and  -3  are  not  mandatory  until  January  1  2001,  and 
no  need  to  try  to  apply  some  parts  of  the  generic 
standard  but  not  others  in  order  to  reach  this 
conclusion. 

It  would  only  be  necessary  for  two  standards  to 
apply  to  a  product;  one  emission  standard  and  one 
immunity  standard.  Each  could  be  either  a  generic, 
product,  or  product-family  standard.  Standards  such  as 
ENs  61000-3-2  would  only  apply  when  invoked  by  a 
generic,  product  or  product-family  standard. 

In  order  to  introduce  limits  at  frequencies  where 
previously  there  were  none,  e.g.  those  specified  by  the 
European  versions  of  the  forthcoming  IEC  standards 
1000-3-9  (limits  for  interharmonics  between  50  Hz  and 
2  kHz)  and  1000-3-10  (limits  at  frequencies  between  2 
kHz  and  9  kHz),  the  generic,  product  and  product- 
family  standards  should  be  amended  to  invoke  the  new 
limits;  the  amendment  should  be  listed  in  the  "Official 
Journal"  with  an  associated  date  of  cessation,  until 
which  the  unamended  standards,  without  the  new 
limits,  would  still  confer  the  presumption  of  conformity 
on  products.  This  would  correspond  exactly  to  the  way 
in  which  new  immunity  requirements  are  introduced 
today;  there  is  no  justification  for  any  difference. 

This  method  would  also  resolve  the  paradox, 
discussed  above,  about  having  to  use  a  TCF  for 
frequencies  not  at  present  covered  by  standards. 

3.5.  Proliferation  of  standards 

One  might  have  expected  work  on  the 
development  of  EMC  standards  to  decline  as  1996 
approached;  in  fact  the  reverse  appears  to  be  true.  The 
IEC  1000-4-X  series  of  test  method  basic  standards 
(parallel  voted  and  published  by  CENELEC  as  EN 
6 1000-4-X)  now  has  seventeen  parts  either  published  or 
in  draft,  specifying  immunity  tests  to  various  types  of 
disturbance  (and  several  more  parts  specifying  test 
equipment  and  facilities).  Each  immunity  test  is  a 
potential  candidate  for  inclusion  in  the  generic 
immunity  standards.  It  is  difficult  to  argue  against  their 
inclusion  there,  because  those  standards  cover  such  a 
wide  range  of  equipment  that,  for  each  phenomenon  ,  it 


may  be  possible  to  conceive  of  a  situation  where  some 
type  of  product  may  be  affected. 

In  addition  to  the  conducted  and  radiated 
emission  tests  required  by  the  appropriate  radio¬ 
frequency  emission  standard,  the  great  majority  of 
products  are  also  subject  to  the  requirements  of  IEC 
1000-3-2  and  -3-3,  and  in  future,  those  of  1000-3-9  and 
-3-10  also.  It  is  therefore  not  inconceivable  that  at  some 
future  time,  products  will  have  to  undergo  a  total  of  23 
tests,  possibly  more  if  further  new  standards  projects 
continue  to  be  initiated.  There  is  no  technical 
justification  for  the  burden  that  this  would  place  on 
manufacturers,  and  no  commercial  justification  for  the 
cost  which  would  be  ultimately  borne  by  the  consumer, 
with  no  tangible  benefit  for  him.  Although  the  existing 
overview  of  immunity  tests  in  EN  61000-4-1  (1992) 
does  little  to  alleviate  these  concerns,  a  draft 
amendment  is  more  explicit  in  stating  which  immunity 
tests  are  relevant  to  which  environments;  some,  indeed, 
are  designed  only  for  special  cases.  IEC  have  confirmed 
this  view  in  correspondence  with  IT  trade  associations. 
However,  some  of  the  CENELEC  national  committees 
hold  the  view  that  a  standard  cannot  confer  the 
presumption  of  conformity  unless  it  addresses  all  these 
types  of  disturbance. 

In  the  interests  of  striking  a  balance  between  the 
immunity  of  a  product  and  the  cost  which  is  added  by 
the  testing,  it  is  the  author’s  opinion  that  after  the 
current  revisions  to  the  generic  immunity  standards  are 
complete,  there  should  be  a  standstill  on  new  standards 
for  at  least  two  years,  after  which  an  evaluation  should 
be  made  of  the  EMC  situation,  and  consequently  of  the 
need  or  otherwise  for  further  standards.  In  the  interim, 
the  standards  bodies  might  review  their  existing 
standards  for  technical  and  editorial  improvements. 
After  the  standstill,  standards  projects  should  only  be 
initiated  as  required  to  address  real-life  EMC  problems. 

3.6.  Reconfigured  equipment 

The  question  of  the  applicability  of  the  Directive 
to  second-hand  equipment,  in  service  before  the 
Directive's  mandatoiy  date,  if  that  equipment  is  then 
reconfigured  and  then  re-sold,  was  raised  late  in  1995. 
The  Directive  itself  says  nothing  about  second-hand 
equipment,  whether  modified  or  not.  The  definition  of 
"placing  on  the  market"  in  the  Commission  1993 
guideline  excludes  second-hand  equipment  which  has 
already  been  made  available  in  the  EU,  but  does  not 
consider  modified  equipment.  The  UK  Regulations 
implementing  the  Directive  exempt  second-hand 
equipment,  except  that  which  has  been  reconditioned  or 
modified  so  as  to  substantially  change  its  EMC 
characteristics.  This  has  a  potentially  serious  impact  on 
the  reconditioning  business,  which  is  worth  billions  of 
dollars  annually.  The  matter  was  considered  by  the 
Commission  with  government  and  industry  experts  in 
November  1996.  The  outcome  was  that  the  Directive  is 
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considered  to  apply  to  a  product  which  has  already  been 
placed  on  the  market  in  the  EU,  and  which  is  re-sold 
after  modifications  which  are  such  that  its  performance 
becomes  equivalent  to  an  "as-new"  product.  However,  a 
product  which  has  only  been  placed  on  the  market 
outside  the  EU,  and  which  is  then  reconfigured  and 
placed  on  the  market  in  the  EU,  is  subject  to  the 
requirements  of  the  Directive  whether  or  not  it  is  "as 
new". 

4.  CONCLUSION 

The  Commission  published  a  new  EMC 
Directive  guideline  in  1997.  This  clarifies  many 
matters  left  unclear  or  not  addressed  in  the  1993 
guideline,  and  reflects  a  more  pragmatic  approach. 
Although  it  is  not  a  legal  instrument,  the  competent 
authorities  of  the  fifteen  Member  States  participated  in 
its  production,  and  manufacturers  can  therefore  feel 
fairly  safe  in  following  its  advice. 

However,  the  scope  of  the  EMC  Directive  is  so 
wide-ranging  that  it  would  be  naive  to  expect  any 
guideline  to  answer  every  possible  question  about  every 
possible  situation.  Inevitably,  situations  will  still  be 
found  where  the  manufacturer  will  have  to  interpret  the 
available  information  and  make  a  decision  about  what 
to  do.  So  long  as  this  is  defensible,  based  on  sound 
common  sense  and  is  well-documented,  there  should  be 
little  chance  of  falling  foul  of  a  national  authority  to  the 
extent  of  prosecution,  if  the  authority  should  have  a 
different  interpretation;  the  authority's  view  will  take 
precedence  as  far  as  the  product  is  concerned,  but  it  is 


to  be  hoped  that  the  manufacturer  will  be  considered  to 
have  been  acting  in  good  faith. 

Various  European  industry  associations  were 
invited  to  participate  in  the  drafting  of  the  guideline. 
This  emphasises  the  importance  for  manufacturers  to 
participate  in  such  associations;  they  are  also  a  more 
general  vehicle  for  manufacturers  to  make  their  views 
known  to  the  Commission. 

Participation  in  national  trade  associations  is 
also  important.  Apart  from  being  a  vehicle  for 
lobbying,  they  are  the  base  level  at  which 
manufacturers  participate  in  the  standards-making 
process;  recognised  trade  associations  send  delegates, 
with  voting  rights,  to  the  national  EMC  committees 
which  decide  the  national  input  to  the  IEC,  CISPR  and 
CENELEC  standardisation  process. 

February  1998 

The  author  wishes  to  point  out  that  the  views 
expressed  herein  are  his  own,  and  not  necessarily  those 
of  his  employer. 

Steve  Scott 

Standards  Project  Authority,  European  EMC 
Requirements 
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General :  This  presentation  will  present  the  status  of 
EMC  standards  applicable  to  telecommunications 
equipment. 

1.  Introduction 

The  EMC  Directive  gives  the  manufacturer  or  importer 
of  non-radio  communications  equipment  three  ways  to 
validate  compliance  with  the  essential  requirements: 
Compliance  with  National  standards,  harmonised 
standards  or  technical  files.  All  three  options  have  a 
special  set  of  conditions  which  can  be  found  in  the 
Directive  (ref.  1)  or  in  the  published  guide  (ref.2). 
Telecommunications  equipment  designed  for 
transmission  of  radio  communications  shall,  as  stated  in 
the  EMC  Directive  Clause  10.5,  be  type  approved  by  a 
notified  body  so  that  the  provisions  of  the  EMC 
Directive  are  met. 

2.  Radio  communications  equipment 

The  notified  body  will  normally  use  EMC  standards 
developed  by  ETSI  or  other  relevant  documents  giving 
the  presumption  of  conformity  to  the  essential 
requirements. 

At  present,  the  following  standards  have  been  published 
by  ETSI: 

ETS  300  127  Radiated  emission  testing  of  physically 

large  telecommunication  systems 

ETS  300  162  Radiotelephone  transmitters  and  receivers 

for  the  maritime  mobile  service  operating  in  VHF  bands 

ETS  300  279  ElectroMagnetic  Compatibility  (EMC) 

standard  for  Private  land  Mobile 

Radio  (PMR)  and  ancillary  equipment 

ETS  300  329  Electro-Magnetic  Compatibility  (EMC) 

for  DECT  equipment 

ETS  300  339  General  electromagnetic  compatibility 
(EMC)  for  radio  communications  equipment 


ETS  300  340  Electro-Magnetic  Compatibility  (EMC) 
for  European  Radio  Message  System  (ERMES)  paging 
receivers 

ETS  300  342-1  Electro-Magnetic  Compatibility  (EMC) 
for  European  digital  cellular  telecommunications  system 
ETS  300  342-2  Electro-Magnetic  Compatibility  (EMC) 
for  European  digital  cellular  telecommunications  system 
ETS  300  385  ElectroMagnetic  Compatibility  (EMC) 
standard  for  digital  fixed  radio  links 
and  ancillary  equipment 

ETS  300  386-1  Public  telecommunication  network 
equipment  Electromagnetic 
Compatibility  (EMC)  requirements; 

ETS  300  386-2-2  Telecommunication  network 
equipment;  Electro-Magnetic  Compatibility 
(EMC)  requirements; 

ETS  300  386-2-3  Public  telecommunication  network 

equipment  Electromagnetic 

Compatibility  (EMC)  requirements 

ETS  300  386-2-4  Public  telecommunication  network 

equipment  Electromagnetic 

Compatibility  (EMC)  requirements; 

ETS  300  445  Electro-Magnetic  Compatibility  (EMC) 

standard  for  wireless  microphones  and  similar 

ETS  300  446  Electro-Magnetic  Compatibility  (EMC) 

standard  for  second  generation 

Cordless  Telephone  (CT2)  apparatus 

ETS  300  447  ElectroMagnetic  Compatibility  (EMC) 

standard  for  VHF  FM  broadcasting  transmitters 

ETS  300  673  ElectroMagnetic  Compatibility  (EMC) 

standard  for  4/€  GHz  and  1 1/12/14 

GHz  Very  Small  Aperture  Terminal  (VSAT) 

ETS  300  680-1  ElectroMagnetic  Compatibility  (EMC) 

standard  for  Citizens'  Band  (CB) 

radio  and  ancillary  equipment 

ETS  300  680-2  ElectroMagnetic  Compatibility  (EMC) 

standard  for  Citizens'  Band  (CB) 

radio  and  ancillary  equipment 
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ETS  300  682  ElectroMagnetic  Compatibility  (EMC) 
standard  for  On-Site  Paging  equipment 
ETS  300  683  ElectroMagnetic  Compatibility  (EMC) 
standard  for  Short  Range  Devices  (SRD) 

ETS  300  684  ElectroMagnetic  Compatibility  (EMC) 
standard  for  commercially  available 
amateur  radio  equipment 

ETS  300  717  Electro-Magnetic  Compatibility  (EMC) 
for  analogue  cellular  radio  communications  equipment 
ETS  300  741  ElectroMagnetic  Compatibility  (EMC) 
standard  for  wide-area  paging 
ETS  300  826  ElectroMagnetic  Compatibility  (EMC) 
standard  for  2,4  GHz  wide  band  transmission  systems 
ETS  300  827  ElectroMagnetic  Compatibility  (EMC) 
standard  for  Trans-European  Trunked  Radio  (TETRA) 
ETS  300  828  ElectroMagnetic  Compatibility  (EMC)  for 
radiotelephone  transmitters  and  receivers 
ETS  300  829  ElectroMagnetic  Compatibility  (EMC)  for 
Maritime  Mobile  Earth  Stations  (MMES) 

ETS  300  830  ElectroMagnetic  Compatibility  (EMC)  for 
Receive  Only  Mobile  Earth  Stations  (ROMES) 

ETS  300  831  ElectroMagnetic  Compatibility  (EMC)  for 
Mobile  Earth  Stations  (MES) 

ETS  300  832  ElectroMagnetic  Compatibility  (EMC)  for 
Mobile  Earth  Stations  (MES)  providing 
ETR  077  Spurious  radiation  limits  to  and  from  satellite 
earth  stations,  Very  Small  Aperture  Terminals  (VSATs) 
ETR  108  GSM  Electro  Magnetic  Compatibility  (EMC) 
considerations  (GSM  05.90) 

ETR  127  Electrostatic  environment  and  mitigation 
measures  for  Public  Telecommunications  Network 
(PTN) 

ETR  151  Electromagnetic  Compatibility  (EMC)  testing 

of  telecommunication  equipment  above  1  GHz 

ETR  238  for  the  development  of  Harmonized  Standards 

related  to  Electro-Magnetic 

Compatibility  (EMC)  in  the  field  of  TTE 

ETR  357  GSM  Electro  Magnetic  Compatibility  (EMC) 

considerations  (GSM  05.90  version  5.0.0) 

For  ports  where  the  manufacturer  finds  that  the  ETSI 
standards  do  not  offer  adequate  test  levels  and/or  test 
methods,  it  is  possible  to  use  other  standards  e.g.  the 
generic  standards  or  the  ITE  standards  prepared  by  IEC 
CISPR  G  (CISPR  22  and  CISPR  24). 

3.  Telecommunications  Terminal  Equipment 

Telecommunications  equipment  incorporating 
processing  devices  -  micro  processors  -  shall  comply 
with  EN55022  which  is  the  emission  standard  for  ITE 
equipment. 

Telecommunications  equipment  not  incorporating 
micro-processors,  shall  comply  with  the  generic 


standards  EN50081-1  or  EN50081-2  depending  on  the 
intended  place  of  use. 

For  most  telecommunications  equipment  there  is  no 
harmonised  immunity  standard  and  consequently  the 
generic  standards  shall  be  used. 

At  present  an  European  modification  is  being  developed 
on  the  basis  of  IEC  CISPR  24.  When  finished  and 
harmonised  EN55024  can  be  used. 

4.  Telecommunications  Network  Equipment 

The  Guide  to  the  EMC  Directive  addresses  the  problem 
of  installations  in  clause  €.5.2.  The  conclusion  is  that  the 
installations  shall  fulfil  the  essential  requirements,  but  if 
the  installation  is  not  put  on  the  market  as  a  single  unit, 
it  is  not  required  to  affix  a  CE-label  on  the  installation. 

In  practise,  most  networks  consist  of  a  number  of 
individual  equipment  often  from  different 
manufacturers,  and  therefore  it  is  normal  practice  to 
require  that  each  individual  equipment  is  CE-labelled. 
ETSI  is  developing  standards  for  equipment  for 
telecommunications  network  intended  for  use  in 
switching  stations.  At  present,  none  of  the  published 
standards  have  been  harmonised. 

5.  Future 

The  European  Commission  is  presently  working  on  a 
major  modification  of  the  TTE  Directive.  One  of  the 
changes  is  an  introduction  of  manufacturers  self 
declaration  as  we  know  it  form  the  EMC  Directive 
Clause  10.1.  The  draft  Directive  includes  both  radio  and 
non-radio  based  terminal  equipment. 
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1.  Introduction 

The  entering  into  force  of  the  EMC  Directive  on  the  1st 
January  1 996  was  already  postponed  for  four  years  due 
to  the  lack  of  product  standards  on  emission  and  on 
immunity  for  a  great  munber  of  products  and  due  to  the 
lack  of  knowledge  of  manufacturers  of  the  immunity 
characteristics  of  their  products. 

To  cover  a  variety  of  products  the  approach  of  generic 
standards  was  invented  related  to  the  intended  product 
environment.  However,  the  generic  standards  are  in 
many  respects  too  vague  for  application  to  a  variety  of 
products.  The  performance  criteria  in  the  immunity 
standard  leave  open  many  options  for  product 
specifications.  Therefore  the  transition  time  was  used  to 
prepare  a  number  of  product  specific  EMC!  standards. 


2.  Published  standards  in  the  OJEC 

On  the  1st  of  January  1996  five  lists  of  EMC  standards 
and/or  amendments  have  been  published  in  the  Ollicial 
Journal  of  the  European  Communities  (OJEC): 


C44 

dated  1992-02-19 

C90 

dated  1992-04-10 

C49 

dated  1994-02-17 

C241 

dated  1995-09-16 

C325 

dated  1995-12-06 

related  to  9  standards; 
related  to  2  standards; 
related  to  13  standards: 
related  to  1 1  standards: 
related  to  5  standards; 


followed  by  the  next  publications; 

C60  dated  1 996-02-29  related  to  2  standards. 

C37  dated  1997-02-06  related  to  10  standards. 

C270  dated  1997-09-06  related  to  39  standards. 

The  X  publications  contain  standards  and  their 
modifications,  but  also  standards  which  have  been 
outdated  by  newer  issues  and  which  have  been 
withdrawn  by  CENELEC.  The  manufacturer  is 
supposed  to  have  sufficient  skill  to  find  his  way  through 
these  eight  lists  and  to  compose  a  package  of  standards 
and  amendments  relevant  for  his  products. 


2)  the  economic  impact  that  the  new  requirement  or 
modification  will  have  on  the  products  concerned. 

With  that  in  mind  new  technical  requirements  in 
standards  are  accompanied  with  a  “latest  date  of 
withdrawal  of  conflicting  standards”  (d.o.w.).  Industry 
has  so  far  understood  that  products  concerned,  put  on 
the  market  before  the  d.o.w.,  need  not  yet  to  be  in 
conformity  with  the  new  requirements  and  can  still 
have  the  presumption  of  conformity  with  the  essential 
requirements  of  the  EMC  Directive  (for  instance  if  all 
the  requirements  are  met  as  formulated  in  the  other 
applicable  standards  published  in  the  OJEC). 

It  is  obvious  that  the  economic  impact  of  new 
requirements  is  heavier  for  equipment  at  the  end  of  the 
development  or  for  those  already  in  running 
production.  To  enable  an  earlier  general  application  of 
new  requirements  a  distinction  was  made  in  a  number 
of  standards  between  new  products  after  a  certain  date 
and  equipment  in  running  production  on  that  date.  This 
so-called  certification  clause  is  declared  to  be  illegal  by 
DGIII. 

An  agreement  has  been  reached  between  DGIII  and 
CENELEC  to  publish  a  new  list  of  all  EMC  standards 
in  the  OJEC  while  for  each  standard  or  amendment  a 
date  is  added  at  which  the  presumption  of  conformity  to 
the  essential  requirements  of  the  Directive  cease  to 
exist  for  the  superseded  standard.  The  intention  is  to 
adopt  for  harmonized  standards  the  latest  date,  either 
the  d.o.w.  or  the  date  in  the  certification  clause  as  the 
date  of  cessation.  This  new'  list  will  overrule  the  8 
earlier  publications. 

Awaiting  this  new'  list,  industry  has  no  alternative  than 
to  act  as  if  the  published  d.o.w.  and  certification  clause 
in  the  standard  are  representing  the  legal  dates  ol 
applicability  (of  course  without  having  any  influence  on 
the  possibility  of  the  technical  file  route  as  described  in 
art.  10.2  of  the  Directive). 


3.  Transition  periods  for  standards 

For  all  new  or  modified  EMC  requirements  forwarded 
in  draft  standards  or  draft  amendments,  the  teclinical 
standardization  committee  has  investigated: 

1)  the  expected  influence  on  the  electromagnetic 
compatibility  between  apparatus  used  at  close 
distance,  and  on  the  other  hand 


4.  Multistandards  equipment 

One  of  the  problems  which  manufacturers  have  faced 
since  1  January  1996  is  to  know  which  standards  are 
applicable  to  their  products.  The  matter  is  even  more 
complicated  if  the  equipment  incorporates  more  than 
one  function,  covered  by  different  standards.  An 
example  is  the  cooker  extractor  hood  with  a  fan  motor 
(EN  55014  for  emission)  and  a  luminair  for  fluorescent 
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lighting  (EN  55015  for  emission).  Luckily  these  two 
standards  prescribe  that  the  measurements  should  be 
earned  out  in  isolation,  with  the  other  functions 
switched  off. 

Unfortunately  such  multifunction  indications  are  not 
given  in  other  standards.  For  instance  for  multimedia 
equipment  where  information  technology, 
telecommunication  and  broadcast  functions  are 
combined, it  is  not  easy  to  define  a  reasonable 
combination  of  functions  during  the  test  according  to 
the  several  (single)  standard  specifications. 

5.  Under  consideration  in  standards 

In  a  number  of  harmonized  standards  the  limit  or 
measuring  method  for  specific  phenomena  are  still 
under  consideration  for  certain  products.  It  concerns  in 
most  cases  apparatus  for  which  in  practice  no 
complaints  on  emission  (or  immunity)  occur  (examples 
are:  radiation  from  batteiy  powered  household 
appliances  when  not  connected  to  the  mains  for 
recharging,  radiation  from  A.M.  receivers,  no  immunity 
requirements  exist  yet  for  portable  broadcast  receivers 
with  no  external  power  connection). 

Manufacturers  have  interpreted  the  rules  that  the 
manufacturer’s  declaration  may  be  made  for  this 
equipment,  making  reference  to  the  standard  concerned 
(as  the  equi]iment  is  covered  by  the  scope). 

It  is  well  understood  that  some  public  authorities  arc 
becoming  impatient  for  these  cases  and  that  on  short 
notice  the  gaps  in  standards  need  to  be  filled  in. 

6.  Equipment  for  specific  applications 

Some  apparatus  exist  which  as  such  cannot  fulfil  the 
requirements  as  formulated  in  the  standards.  For 
instance,  electromicroscopes  are  highly  sensitive  to 
50  Hz  magnetic  fields  and  need  to  be  installed  in 
specific  rooms.  Also  magnetic  resonance  imaging 
equipment  (medical)  have  specific  installation 
instructions.  These  apparatus  are  installed  bv  the 
manufacturer  and  are  guaranteed  for  electromagnetic 
compatibility  after  installation.  In  fact  the  screened 
enclosure  and/or  mitigation  measures  during  the 
installation  form  a  part  of  the  conditions  for  which  the 
apparatus  can  meet  the  requirements. 

Similar  practices  were  developed  for  sub-assemblies 
which  do  not  need  to  be  CE-ntarked  if  they  are 
intended  to  be  incorporated  in  the  equipment.  An 
example  is  a  power  converter  for  which  big  purchasers 
insisted  on  the  affixing  of  the  CE  marking.  This  was 
granted  at  surplus  cost,  but  related  to  the  application 
inside  the  enclosure  for  which  the  power  converter  was 
designed. 

7.  Measurement  uncertainty 

In  view  of  the  ISC.)  9000  certification  of  testing 
institutes  and  manufacturers  laboratories  the  question 
of  measurement  uncertainty  was  raised  with  respect  to 
the  approval  or  rejection  of  products,  comparing  the 
measured  values  with  the  required  limit  in  the  standard. 

It  is  recognized  that  repetition  of  tests  on  one  or  more 
equipment  gives  an  impression  on  the  repeatability  of 


the  test  method  and  can  indeed  lead  to  decrease  the 
measurement  uncertainty,  but  systematic  errors  may 
remain  undetected.  In  all  CISPR  emission  standards  the 
limits  have  been  derived  on  a  probabilistic  basis,  taking 
into  account  the  statistics  of  an  acceptable  number  of 
complaints,  while  the  verification  of  the  measurement 
values  with  the  limits  is  carried  out  with  measurement 
tools  (e.g.  V-network,  measuring  receiver,  test-site) 
with  characteristics  with  well-defined  tolerances. 
Subtracting  of  the  measurement  uncertainty  from  the 
limits  would  mean  for  these  standards  that  the 
measurement  uncertainty  is  taken  into  account  twice, 
first  in  the  establishment  of  the  limits  and  secondly  in 
the  application  of  the  limits.  To  have  a  uniform 
interpretation  of  test  results  for  all  standards,  EMC 
experts  in  test  houses  and  laboratories  have  therefore 
adopted  the  procedure  that  equipment  under  test  (EUT) 
is  approved  if  the  measured  values  are  below  the 
emission  limits  and  for  immunity  if  the  EUT  continues 
to  operate  as  intended  under  phenomena  adjusted  to 
their  nominal  value.  Condition  is  that  the  measurement 
equipment  is  well  within  the  specified  tolerances. 

8.  Use  of  alternative  measuring  methods 

It  is  impossible  for  manufacturers  to  investigate 
emission  and  immunity  during  the  development  of  a 
prototype  of  a  new  apparatus  in  accordance  with  the 
official  measurement  method.  The  expensive  anechoic 
rooms  would  have  been  overbooked  if  the  influence  on 
all  trial-und-error  changes  had  to  be  verified  there. 
Several  alternative  measurement  methods  have  been 
developed,  tor  instance  small  rod  and  loop  antennas  of 
a  tew  centimetres  with  which  at  printed  wiring  board 
level  the  radiation  and  immunity  can  be  investigated. 
For  some  apparatus  manufacturers  have  found  a  good 
correlation  between  the  measuring  results  of  these 
alternative  methods  and  the  results  with  the  official 
method  according  to  the  standard. 

It  is  of  course  depending  on  the  confidence  of  the 
manufacturer  in  his  test  results  whether  he  still 
performs  an  official  test  on  the  finalized  apparatus.  The 
aim  is  however:  meeting  the  EMC  requirements,  but  at 
minimum  costs! 
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Abstract 

Over  the  last  few  years,  many  new  EMC 
norms  and  standards  have  been  developed 
for  a  variety  of  electronic  products.  On  the  one 
hand,  we  have  the  RF  emission  standards 
that  are  there  to  protect  the  environment  for 
not  getting  too  polluted  by  EM-smog. 

On  the  other  hand,  products  have  to  be  able 
to  withstand  a  great  number  of  EM  threats. 

There  is  one  thing  in  common,  which  is  not 
commonly  implemented  in  the  standards  yet 
and  that  is  the  place  of  use;  domestic,  office, 
light  industry  or  an  industrial  environment. 

With  CENELEC,  now  taken  over  by  IEC,  the 
generic  61000-6-x  series  [5.1  -  5.8]  have 
been  developed  to  put  and  end  to  this 
situation.  These  standards  make  reference  to 
other  “Basic”  standards,  which  are  there  to 
define  a  common  method  of  measurement  for 
a  given  phenomenon. 

These  generic  standards  assume  that  the 
basic  standards  referred  to  are  unambiguous 
and  always  applicable  which  unfortunately  is 
not  the  case. 

Based  upon  an  agreement  between  the 
product  family  standard  writing  committees 
and  the  “umbrella”  organisation  (e.g.  DG-III, 
ACEC),  these  committees  are  NOT  allowed  to 
divert  from  the  measuring  methods  in  the 


basic  standard  unless  there  is  an  explicit  need 
to  do  so.  The  criticality  of  the  application  of  the 
product  may  set  test  levels  and  severity 
criteria.  The  product  (family)  standards 
committees  should  set  these  special 
requirements  for  their  group  of  products. 

This  convergence  in  measurement 
methodology  may  not  affect  the  product 
manufacturer  so  much  but  is  of  the  utmost 
importance  for  the  semiconductor  supplier 
who  is  willing  to  support  design-in  for  a  large 
variety  of  market  segments:  PC,  telecom, 
audio  and  video,  automotive  and  last  but  not 
least  commodity  electronic  products. 

1.  Introduction 

All  EMC  legislation  is  created  to  achieve  a 
common  agreement  on  requirements  either 
applicable  for  one  country;  like  a  national 
standard;  e.g.  FCC47  Part  15,  ora  common 
agreement  between  several  member  states, 
like  in  Europe:  CENELEC. 

Standards  are  an  indispensable  tool  to  take 
reference  to.  But  one  should  always  bear  in 
mind  that  these  norms  and  standards  can  not 
be  a  full  guarantee  for  Electro  magnetic 
compatibility  in  every  area  of  application. 

These  standards  should  be  used  as  reference 
with  (some)  common  sense  in  mind. 
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In  the  next  paragraphs,  topics,  which  have 
lead  to  misunderstanding  and  differences  in 
interpretation,  are  given  together  with  some 
examples. 

2.  Inconsistencies  in  the  standards 

2.1  Ambiguity 

The  EMC  requirements,  either  for  RF 
emission  and  immunity,  have  to  be 
unambiguous  and  the  measurement 
uncertainty  with  those  measurements  has  to 
be  within  close  limits  to  allow  mutual 
acceptance  and  recognition  of  test  results. 

These  two  requirements  are  necessary  to 
assure  that  a  product  approval  at  one  test  site 
will  give  close  to  the  same  results  as  in 
another  location. 

However,  practice  shows  that  this  is  not 
always  the  case.  The  measurement 
uncertainty  of  a  whole  measurement  system 
can  be  defined  within  tight  ranges  but  the 
effect  of  the  EUT,  its  exact  location,  the  cable 
length,  the  cable  diameters  and  cable  routing 
have  a  great  impact  on  radiated  RF 
phenomena  like  RF  emission  and  immunity  to 
RF  fields. 

2.2  Costs 

Another  issue  is  the  need  to  reach  EMC  at 
minimum  cost.  This  not  only  involves  EMC 
standards  and  the  required  test  facilities  but 
also  the  philosophy  that  has  to  be  followed 
during  the  design  phases  of  product 
development  and  system  concept. 

Minor  changes  (selection)  at  the  component 
level  or  even  PCB  layout  may  have  a  great 
impact  on  the  measures  to  be  taken  at  the 
system  level. 

Unfortunately,  meeting  the  EMC  requirements 
of  certain  Norms  and  Standards  is  something 
different  from  achieving  system  EMC. 

Measures  may  need  to  be  taken  for  certain 
requirements  which  are  useless  for  the  EMC 
system  approach  and  measurements  may  or 
must  be  carried  out  without  a  specific  need  as 
the  prove  of  being  compliant  can  be  given  on 
a  theoretical  basis  e.g.  the  emission  of  mains 
frequency  harmonics. 


Another  aspect  of  a  measurement  standard  is 
the  cost  involved  for  the  information  gathered. 

For  example,  immunity  to  RF-fields,  like  in  IEC 
1000-4-3  is  a  burden  to  many  manufacturers, 
because  the  investments  involved  are  too  high 
for  smaller  companies  who  become 
dependent  on  test  houses  and  therefore 
privilege  the  larger  companies  who  can  afford 
it  themselves. 

Looking  at  the  frequency  range  of  concern:  80 
MHz  to  1  GHz  (or  even  1 .89  or  2.45  GHz  to 
cover  also  DECT  and  wireless  LAN  sources) 
is  just  a  single  aspect  out  of  the  at  maximum  7 
phenomenon  which  are  of  common  interest, 
see  also  2.8. 

Defining  an  homogenous  field  intensity  over  a 
surface  area  which  will  never  be  equal  to  the 
actual  threat;  being  a  portable  transmitter,  just 
for  the  sake  of  reproducibility  makes  such  an 
investment  even  more  debatable. 

Alternatives,  like  using  worst-case  “dummy” 
transmitters  at  GSM  frequencies,  as  proposed 
as  an  amendment  to  EN55020,  make  more 
sense  as  they  represent  the  real  threat  at 
minimum  cost. 

2.3  Consistency 

From  the  EMC  point  of  view,  EMC 
requirements  should  be  based  on  the 
approach  that  a  system  build  from  compliant 
products  would  give  a  compliant  system: 

(CE  +  CE  +....  =  CE  ??!!) 

Even  on  a  macro  scale,  this  approach  should 
be  independent  on  whether  this  is  at  product 
or  at  the  component  level  as  long  as  the 
measurement  methods  are  consistent  and 
unambiguous. 

This  requires  that  a  product  related  EMC 
standard  characterise  the  full  EMC  behaviour 
of  the  products  including  their  interfacing 
cables. 

Another  pre-requisite  is  that  EMC 
requirements  should  be  equally  to  a  range  of 
products  used  in  the  same  EM-environment 
(like  the  generic  EMC  requirements). 

It  is  unacceptable  to  have  less  severe 
requirements  for  one  product  compared  to 
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another  when  the  same  environment  defines 
the  EMC  threats. 

A  topical  area  of  concern  is  the  merge  of 
audio  and  video  products  into  the  information 
technology  equipment  (ITE)  area. 

The  integration  of  test  and  measurement 
functions 'into  a  PC  environment  gives  a 
conflict,  not  only  at  EMC  but  also  at  the 
product  safety  level.  For  this  one  has  to 
compare  the  insulation  requirements  between 
IEC  950  and  IEC  1010. 

2.4  Fair  competition 

To  remain  competitive,  an  equal  burden  of 
requirements  should  be  place  or  rest  on  the 
shoulders  of  all  manufacturers  and  not  just  a 
specific  group  that  is  of  less  interest  for  the 
decision  making  party  involved. 

As  an  example:  the  spurious  RF-emission 
from  cordless  telephone  may  be  20  to  40  dB 
higher  than  the  spurious  emission  from  any 
other  electronic  device  in  that  same  frequency 
range. 

Another  example  is  that  for  television 
receivers,  no  RF  emission  requirements  are 
set  for  frequencies  above  30  MHz  other  than 
for  the  local  oscillator  and  its  harmonics  [5.10]. 
Some  TV  sets,  however  can  be  used  as  a 
monitor  and  therefor  become  “ITE”  [5.13], 

2.5  Incompleteness 

Technical  problems  arise  with,  for  example, 
immunity  tests,  where  for  instant  the  immunity 
test  to  ESD  phenomena  for  portable  and 
ungrounded  equipment  is  NOT  defined  at  all 
in  the  present  version  of  the  standard:  IEC 
1000-4-2.  However,  manufacturers,  test 
houses  and  even  the  generic  standards 
assume  that  it  is  all  well  defined  and 
reproducible  and  that  it  can  be  addressed. 

Another  example  again  is  that  battery 
operated  products  are  excluded  from  some 
EMC  measurements  e.g.  games,  portable 
radio’s,  toys. 

Doing  a  tolerance  analysis  on  the  several 
EMC  measurement  systems  and  calibration 
procedures  reveals  that  most  of  the  frequently 
used  standards  suffer  from  incompleteness 


and  inaccuracies,  for  which  a  local  correction 
or  interpretation  is  given  (either  by  a  product 
manufacturer  or  an  EMC  test  house). 

2.6  Through-put-time 

With  standardisation,  through-put-time  with 
EMC  measurements  and  their  procedures 
have  never  been  optimised  in  this  respect. 

For  example  the  use  of  the  Quasi-Peak 
detector  with  RF  emission  measurements  is 
just  one  example  of  how  time  consuming 
measurements  can  be.  This  Quasi-peak 
detector  is  still  there  in  the  qualified  EMC 
measurement  equipment  but  commonly  just 
used  in  case  of  dispute. 

Another  example  is  the  fact  that  almost  every 
measurement  procedure  requires  another  set¬ 
up  of  the  equipment  under  test,  different 
measurement  heights  and  other  accessories, 
like  networks:  artificial  mains  networks, 
impedance  stabilising  networks,  coupling/ 
decoupling  networks,  current  clamps, 
absorbing  clamps,  ... 

2.7  Relevance 

We  believe  that  it  is  absolutely  necessary  to 
have  unambiguous  measurement  standards 
as  a  reference,  but  why  is  it  necessary  to  use 
these  reference  measurement  standards  with 
every  measurement  again. 

For  example:  a  spring  role  is  as  good  as  a 
yard  stick  a  so  many  millions  of  wavelengths 
of  a  Caesium  lamp  when  it  concerns 
compliance  with  the  elementary  rules  of  the 
EMC  Directive. 

2.8  Simplification 

Last  but  not  least  is  the  present  burden  of  the 
variety  of  measurement  procedures,  as  shown 
above,  that  exist  for  all  the  products  in  which 
the  semiconductors  are  being  used. 

This  does  not  only  claim  an  investment  in  a 
large  variety  of  measurement  systems  but 
also  claims  test  facility  area  and  knowledge  of 
all  the  measurement  systems  and  the 
according  measurement  procedures. 

The  7  most  useful  immunity  phenomena  have 
recently  been  described  in  the  draft  version, 
third  edition  of  IEC  1000-4-1.  These 
phenomena  are: 
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ESD  Part  2 

Immunity  to  RF  fields  Part  3 

EFT  Part  4 

Surge  Part  5 

Conducted  RF  Part  6 

Voltage  dips  on  the  mains  Part  8 

Mains-frequency  magnetic  fields  Part  1 1 


For  other  immunity  phenomena,  more  than  20 
extra  standards  are  available  or  being 
prepared.  These  standards  will  be  useful 
under  some  circumstances  but  not  suitable  for 
95  %  or  more  of  all  electrical  and  electronic 
products  to  be  sold  on  the  market. 


Enclosure  port 

Signal  8  Control  port  :  A.C.  power  port 

|  Equipment  - - 

Functional  earth  port  [  Under  D  C.  power  port 

-r _ i. 


| _ Ground  reference  plane _ 

Fig.  1  Example  of  ports 

With  the  Generic  EMC  standards,  both  for 
emission  as  well  as  for  immunity,  ports  have 
been  defined  for  the  equipment  under  test.  Up 
till  now,  only  a  few  pulsed  immunity 
requirements  have  been  set.  For  telecom 
ports  RF  emission  requirements  at  the  lower 
frequencies  (f  <  30  MHz)  have  been  set. 

With  wired  applications,  the  cables  connected 
are  the  main  cause  for  emission  problems. 
Using  CDNs,  as  defined  in  IEC  1000-4-6,  can 
help  to  measure  the  available  RF  power  at 
each  port  at  minimum  cost,  at  least  compared 
to  the  cost  of  an  an-echoic  chamber. 

As  a  manufacturer  of  semiconductors,  being 
involved  in  the  design-in  of  ICs,  these 
inconsistencies  place  a  burden  on  the  designs 
as  applications  need  to  be  modified  upon  the 
EMC  requirements  for  that  product  to  be 
fulfilled. 

3.  Conversion  problems 

When  carrying  out  pre-compliance  EMC 
measurements  the  problem  arises  of  how 
reliable  this  pre-compliance  information  is  with 
respect  to  the  requirements  of  the  official 
standard. 


Most  of  the  radiated  measurement  methods 
are  hard  to  convert  into  conducted 
measurement  methods. 

This  also  means  that  the  radiated  EM- 
requirements  defined  are  hard  to  be  converted 
into  “conducted”  circuit  analysis  tools. 

In  this  respect,  the  use  of  the  MDS-clamp,  as 
defined  in  IEC  publication  CISPR  14  [5.11],  to 
be  introduced  in  other  standards  has  carried 
out  in  many  attempts. 

Recently,  the  use  of  CDNs  has  shown  close 
relation  with  the  RF  emission  results  obtained 
by  using  the  MDS  clamp  which  has  to  be 
moved  up  and  down  a  4.2  metre  long  mains 
line  to  locate  the  maximum  available  RF- 
power  from  a  small  radiating  device. 

Other  new  measurement  methods,  which  also 
uses  CDNs,  are  under  development  for 
lighting  devices  for  frequencies  between  30 
and  300  MHz  to  eliminate  the  need  for 
radiated  measurements. 

By  a  conversion  of  the  radiated  emission  or 
radiated  immunity  problems  into  conducted 
problem,  by  using  current  (injection)  probes, 
the  problem  of  termination  of  the  multi-port 
network,  being  the  equipment  under  test  is  the 
main  cause  for  this  inconsistency. 

4.  Conclusions 

Most  of  the  electric  and  electronic  products 
now  sold  in  Europe  bear  the  CE-mark  with  it. 
Whether  systems  build  with  individual 
products  each  complying  with  the  present 
Norms  and  Standards  is  questionable,  due  to 
the  inconsistency  of  these  standards  or  the 
way  these  standards  are  interpret. 

Too  many  standards  have  been  developed  for 
no  good  reason.  It  would  be  better  to  improve 
the  existing,  frequently  used  standards  in  this 
respect  and  to  change  these  such  that  system 
EMC  can  be  guaranteed  when  using 
compliant  products.  As  defined  in  the  EMC 
Directive,  the  products  just  need  to  have  the 
presumption  of  conformity. 

No  matter  how  good  EMC  norms  and 
standards  are  and  even  when  products 
fulfilling  the  requirements  are  used,  it  will 
always  be  possible  that  an  EMC  problem  may 
occur  when  building  several  products  together 
to  a  larger  system. 


741 


EMC  standards  need  to  be  updated  to 
improve  them  on  several  points: 

•  Ambiguity, 

•  Costs 

•  Consistency 

•  Fair  competition 

•  Incompleteness 

•  Through-put-time 

•  Relevance 

•  Simplification 
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Abstract 

The  publication  of  the  EMC  Directive  (and 
subsequent  European  legislation  to  enforce  the 
Directive)  has  required  that  the  development  of 
electronic  systems  shall  take  the  objectives  of  the 
Directive  into  account.  This  is  best  carried  out  by 
compliance  to  published  standards. 

Before  standards  can  be  published  for  use  by 
manufacturers,  there  is  a  considerable  period  of  time 
when  the  requirements  are  being  established.  This 
is  a  period  for  research  into  what  are  reasonable 
requirements  for  emission  or  immunity  levels,  what 
measurement  methodology  or  equipment  set  up 
should  be  used  and  in  certain  cases,  the 
development  of  suitable  measurement  equipment. 

This  paper  describes  some  of  the  research  elements 
used  to  determine  the  requirements  that  will 
ultimately  be  used  in  standards.  The  paper 
considers  research  related  to  a  measurement  tool 
used  for  showing  compliance  to  an  EMC  standard, 
emission  measurement  methodology  for  targe 
systems,  and  finally,  some  of  the  elements  that  will 
need  to  be  considered  if  standards  are  to  be 
developed  for  newly  emerging  services  on  existing 
networks. 

1.  THE  EMC  DIRECTIVE 

The  publication  of  the  EMC  Directive  (and 
subsequent  European  legislation  to  enforce  the 
Directive)  has  required  that  the  development  of 
electronic  systems  shall  take  the  objectives  of  the 
Directive  into  account.  That  is,  designs  of  such 
systems  shall  be  such  that  its  taking  into  use  will  not 
cause  interference  to  other  equipment  and  it  will 
have  an  adequate  level  of  immunity.  Systems  can 
be  demonstrated  to  comply  if  they  are  tested  using 
the  methods  specified  and  meet  the  levels  set  out  in 
published  harmonised  standards  or  by  use  of  a 
Technical  Construction  File  (TCF). 

Directives  relating  to  EMC  confonmance  are  being 
issued  in  many  countries  around  the  world.  In  order 


that  the  cost  of  compliance  can  be  minimised, 
administrations  are  introducing  regimes  whereby 
manufacturers  can  self  declare.  Self  declaration 
requires  that  the  manufacturer  should  have 
performed  tests  to  a  requirement  stated  in  a 
standard  or  alternative  requirements  which  enable 
conformance  to  be  demonstrated  via  the  Technical 
Construction  File  route. 

Before  standards  can  be  published  for  use  by 
manufacturers,  there  is  a  considerable  period  of  time 
when  the  requirements  are  being  established.  This 
is  a  period  for  research  into  what  are  reasonable 
requirements  for  emission  or  immunity  levels,  what 
measurement  methodology  or  equipment  set  up 
should  be  used  and  in  certain  cases,  the 
development  of  suitable  measurement  equipment. 

In  obtaining  committee  consensus  in  order  to  publish 
a  standard  dealing  with  requirements,  the  testing 
methodology  or  measurement  equipment,  and  the 
original  objective  of  the  essentia!  requirements  may 
have  been  lost.  It  is  important  therefore  to  focus  on 
the  original  purpose  of  the  standard,  such  that  a 
range  of  experience  and  expertise  is  input  into  the 
initial  drafts.  This  requires  research  into 
understanding  the  techniques  that  are  to  be  used,  as 
well  as  measurement  experience  and  resources  to 
carry  out  related  research  topics. 

Research  into  EMC  phenomena  is  wide  and  varied. 
What  will  be  described  in  the  next  sections  are 
examples  of  approaches  taken  on  measurement 
tools,  a  measurement  methodology  and  an  example 
of  where  the  existing  boundary  of  requirements  is 
being  extended  and  further  research  is  needed  in 
order  to  ensure  continuing  compatibility. 

2.  DEVELOPMENT  OF  EXISTING  STANDARDS 
2.1.  Existing  standards 

The  Generic  Standards  (EN50081/2-series)  have 
been  developed  in  order  that  they  can  be  used  for 
testing  the  majority  of  electrical  and  electronic 
equipment.  Principally  the  Generic  Standards  can 
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be  used  for  proving  compliance  for  equipment  which 
will  fit  on  the  Open  Area  Test  Site  (OATS)  as 
described  in  CISPR  Publication  16,  or  into  a 
reasonable  sized  anechoic  screened  room  for 
immunity  testing.  Each  of  the  Generic  Standards 
refers  out  to  published  "Basic  Standards"  which  in  a 
number  of  cases  are  standards  that  have  been 
published  by  the  IEC.  These  basic  standards 
address  both  immunity  and  emission  requirements. 

In  addition,  other  standards  institutes  are  publishing 
standards,  which  set  EMC  requirements  at  system 
level.  These  are  known  as  Product  Standards. 
Although  these  are  applicable  to  systems,  which  can 
be  tested  in  the  “nonmal”  test  house,  some  systems, 
for  example,  large  complex  telecommunication 
network  installations  do  need  special  consideration. 
This  particularly  applies  when  two  large  systems 
have  to  inter-work  and  the  conflicts  between  meeting 
EMC  requirements  and  appropriate  earthing,  have  to 
be  resolved. 

2.1.1  Emission  Standards 

The  limits  for  emission  and  the  test  method  to  be 
applied  are  covered  in  a  number  of  international 
standards.  Although  these  standards  exhibit 
differences  in  the  emission  levels  at  selected 
frequencies,  in  principle  the  methodology  is  based 
on  CISPR  Publications  22  and  16  for  an  open  area 
test  site.  CISPR  Publication  22  has  been  utilised  in 
the  harmonised  standard  EN55022  but  its  application 
can  only  be  successfully  applied  to  systems 
(equipments)  which  are  physically  compatible  with 
the  dimensions  of  the  test  site. 

As  an  example  of  a  system  which  has  only  just  been 
addressed  by  standards,  consider  the  testing  of  large 
systems  which  are  assembled  from  independent 
operating  sub-units.  Research,  backed  up  by 
practical  measurements  has  been  performed  in  order 
that  a  testing  methodology  could  be  developed  which 
could  then  be  written  into  standards.  This 
methodology  has  had  to  take  into  account  the 
complexity  of  the  sub-systems  as  well  as  the  wide 
variety  of  ports  available  for  connecting  cables  e.g. 
pairs,  multi-pairs,  screened  twisted  pairs,  coaxial, 
optical  fibre,  all  in  large  quantities. 

2.1.2  Immunity  Standards 

Immunity  requirements  have  been  set  in  the  Generic 
Standards,  and  these  refer  out  to  ‘‘Basic  Standards" 
for  the  test  methods.  Again  these  rely  on  standards 
which  have  been  produced  by  the  IEC.  Such 
standards  address  various  phenomena,  e.g.  fast 
transients  (IEC  1000-4-4),  surges  (IEC  1000-4-5), 
and  magnetic  fields  (IEC  1000-4-8).  Each  of  these 
requirements  need  to  be  addressed  and  considered 
especially  when  there  may  conflicting  requirements 
e.g.  earthing  and  bonding  of  equipment  from  both  a 
safety  and  EMC  point  of  view.  Conflicting 


requirements  may  be  resolved  via  research.  For 
example,  the  provision  of  one  common  bonding  point 
(to  suit  EMC  requirements)  versus  the  provision  of  a 
multi-point  grounding  system  for  earthing  purposes. 

2.2.  EMC  measurement  tool 

The  Line  Impedance  Stabilisation  Network,  (LISN)  is 
usually  applied  in  EMC  tests  for  the  measurement  of 
conducted  emissions  from  virtually  all  types  of 
apparatus.  It  permits  the  measurement  of  RF 
conducted  emissions  from  the  EUT  or  the  injection  of 
disturbances  into  the  EUT;  it  stabilises  the 
impedance  for  the  EUT  power  and/or  signal  port;  and 
it  provides  filtering  for  power  supplies  or  signal 
sources.  The  calibration  of  LISNs  comprises 
measurement  (without  power  applied)  of  the 
impedance  of  each  line  to  ground  and  the  insertion 
loss  of  each  coupling  network.  The  measured 
impedance  characteristic  is  required  to  be  within  the 
stated  parameters  of  the  relevant  standard  for  each 
device  and  is  usually  stated  as  impedance  as  a 
function  of  frequency  with  a  tolerance  in  ohms  or 
percentage  terms.  Many  test  laboratories  perform  an 
additional  test  of  insertion  loss  between  the  input 
port  and  output  connector  to  doubly  ensure  that 
there  are  no  unquantified  losses  in  the  measurement 
paths. 

The  greatest  difficulty  encountered  in  LISN 
calibration  is  associated  with  the  provision  of  suitable 
test  jigs  to  interface  with  the  EUT  port  where 
unwanted  interference  can  adversely  affect  the 
result,  unless  sufficient  care  is  taken.  When 
calibrating  the  impedance,  it  is  necessary  to  make  up 
a  special  calibration  jig  for  the  EUT  connection  to 
interface  to  the  measuring  instrument. 

Generally,  in  measurement  mode  the  LISN  has  a 
nominal  0  dB  voltage  correction  factor;  however  the 
presence  of  additional  attenuators  and  pulse  limiters 
fitted  internally  will  result  in  a  different  correction 
factor.  For  measurements  below  150  kHz,  a  further 
correction  factor  for  the  coupling  capacitor  is  also 
required.  The  difficulties  encountered  in 
measurement  usually  relate  to  inadequately  filtered 
noise  at  low  frequencies  and  random  or  poorly 
specified  mains  cable  layouts,  which  can  result  in 
significant  variation  in  the  10-30  MHz  range  where 
transmission  line  effects  begin  to  be  observed. 

CISPR  publication  16-1  defines  the  methods  for 
calibrating  most  LISNs  and  states  the  performance 
requirements  to  be  attained.  Defence  EMC 
standards  such  as  DEF  STAN  59-41  also  state 
methods  and  procedures  for  the  LISNs  referred  to  in 
the  standard.  It  is  important  that  the  dependence  of 
the  LISN  characteristics  on  the  coupling  jig,  the 
measurement  instrumentation  performance  and 
ancillary  equipment  etc.  are  well  understood  such 
that  the  contribution  of  each  to  the  overall  uncertainty 
budget  can  be  determined. 
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Although  the  LISN  is  a  regular  tool  in  use  by  Test 
Houses,  there  is  a  need  to  thoroughly  understand 
the  issues  elaborated  above,  in  order  to  understand 
how  improvements  in  calibration  technique, 
instrumentation,  and  LISN  design  etc.  could  be 
achieved.  Some  of  the  elements  where  research 
continues  to  be  applied  is  to  the  LISN  calibration 
uncertainty  value.  This  value  is  one  line  in  the 
conducted  emissions  uncertainty  budget,  but  there 
are  many  factors,  which  can  affect  overall  variations. 
These  include  the  following: 

coupling  between  coils  (phase  to  phase) 
transmission  line  effects  of  the  EUT  mains 
lead 

bonding  methods  to  the  ground  plane 
supply  filtering,  especially  at  low  frequencies 
incorrect  correction  factors 

marginal  compliance  with  the  specification 
for  the  LISN 

These,  and  other  contributions,  need  to  be  assessed 
practically  by  variation  and  repetitive  test  using 
swept  signal  sources  and  display  where  appropriate. 
A  thorough  understanding  of  the  above  is  required  in 
order  that  the  best  performance  from  the  LISN  is 
achieved  in  the  practical  measurement  situation. 
This  understanding  is  best  achieved  in  the  research 
environment. 

2.3  Emission  testing  standard  for  large  systems 

Large  telecommunication  systems  are  based  on 
functional  units  known  as  sub-systems,  which 
provide  the  specialist  facilities  needed  to  perform  the 
overall  system  function.  In  order  that  systems  can 
be  installed  which  comply  with  EMC  requirements,  a 
representative  system  concept  has  had  to  be 
developed  which  requires  that  the  system  so  defined 
can  be  tested  on  a  free  field  site  and/or  sufficiently 
large  semi-anechoic  chamber,  followed  by 
characterisation  of  the  sub-system  modules  in  a 
suitable  shielded  anechoic  room. 

Operational  telecommunication  systems  are 
physically  large,  made  up  of  many  sub-units  and 
equipment  suites,  and  only  become  functional  when 
installed  and  cabled  on  site.  Such  systems  need  to 
be  on  a  sufficiently  large  open  area  site  and/or  in  a 
suitable  semi-anechoic  chamber.  By  developing  a 
suitable  methodologies  and  incorporating  them  in  a 
harmonised  standard  it  is  possible  to  show 
verification  of  the  system  to  EMC  Directives.  A 
number  of  stages  were  needed  to  achieve  a  suitable 
method,  and  these  are  outlined  below. 

2.3.1  Representative  System 

In  order  to  achieve  compliance,  a  minimum 
representative  system  is  defined  which  is  suitable  for 
testing.  A  minimum  representative  system  is  defined 
as  one  which  includes  all  equipment  connected 


together  for  the  duration  of  the  operational  life  of  the 
large  system  and  is  thus  unique  to  the  site  on  which 
it  is  installed.  Thus  the  equipment  connected 
together  is  the  minimum  configurable  operational 
system  and  is  the  minimum  requirement  for  an 
Equipment  Under  Test  (EUT)  to  be  used  for 
compliance  testing. 

2.3.2  Equipment  Configuration 

The  minimum  representative  system  includes  all 
equipment  connected  for  the  operational  life  of  an 
actual  system;  it  exclude  any  equipment  connected 
for  the  purpose  of  monitoring  or  system 
measurements,  and  which  are  connected  for  a 
temporary  period.  In  addition,  the  EUT  consists  of 
the  minimum  number  of  sub-units  which  are  needed 
to  produce  an  operational  system,  it  should  be  the 
minimum  configuration  of  any  product  that  is  offered 
for  sale,  and  should  include  at  least  one  of  each  sub¬ 
unit  to  be  used  in  the  actual  installation.  There  exists 
for  representative  systems  a  minimum  set  of 
interface  lines  which  is  required  for  the  operation  of 
the  system  and  this  number  must  be  defined  for 
each  representative  system. 

The  sources  of  maximum  emission  should  be 
identified  by  initially  measuring  each  rack  on  an 
individual  basis  and  where  appropriate,  assembling 
the  representative  system  in  such  a  way  that 
emissions  are  maximised.  The  system  configuration 
will  be  arranged  so  as  to  maximise  emissions  such 
that  noisy  sources  within  equipments  are  not 
shielded  by  periphery  equipments. 

2.3.3  Test  Methodology 

The  test  methodology  in  current  standards  applies  in 
the  main  to  physically  small  systems  which  may  be 
assembled  from  like  units.  To  apply  this  concept  to 
physically  large  systems,  which  are  assembled  from 
a  variety  of  different  units  and  are  only  operational 
when  in  combination,  could  lead  to  the  adoption  of 
an  in-situ  testing  approach.  However,  significant 
measurement  errors  are  associated  with  this 
approach  for  a  variety  of  reasons: 

To  establish  a  suitable  test  method  then  the 
requirements  of  the  test  site  need  to  be  defined. 
Generally  the  test  site  layout  and  conditions  shall 
conform  to  the  principles  set  out  in  EN55022  and 
CISPR  Publication  16.  The  test  site  should  be  flat, 
and  free  from  nearby  reflecting  structures, 
particularly  vertical  structures.  It  shall  be  sufficiently 
large  to  permit  antenna  placement  at  the  specified 
distance  and  provide  adequate  separation  between 
antenna,  test  unit  and  reflecting  structures. 

Since  such  a  site  is  much  larger  than  those  specified 
in  the  above  standards  then  the  ground  plane  should 
be  laid  so  as  to  extend  at  least  2m  beyond  the 
measurement  antenna  wherever  the  antenna  may  be 
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placed  (i.e.  at  any  radial  measurement  point).  The 
ground  plane  should  have  no  voids  or  gaps  that  are 
a  significant  fraction  of  a  wavelength  at  the  highest 
measurement  frequency  of  1GHz.  The 
recommended  minimum  mesh  size  is  30mm. 

Having  laid  out  the  ground  plane  then  a  site 
attenuation  measurement  is  required.  The  result  of 
the  measurement  should  be  such  that  the  test  site 
conforms  to  the  site  attenuation  characteristics  as 
defined  in  CISPR  Publication  16,  with  measurement 
being  made  in  both  horizontal  and  vertical 
polarisations  using  balanced  dipoles 

2.3.4.  Representative  System  Tests 

To  assemble  a  practical  representative  system 
requires  considerable  attention  to  detail,  not  least, 
that  of  selecting  sub-systems  which  are 
representative  of  those  that  are  used  on  actual 
customer  sites.  The  practical  matters  of  whether  the 
representative  system  will  be  assembled  on  site  or 
taken  on  a  platform  need  evaluation  as  well  as 
preparation  of  the  actual  test  site. 

All  of  the  above  issues  were  addressed  and  satisfied 
as  to  their  practical  application  before  a  standard 
could  be  prepared  and  issued. 

3.  EXTENSION  TO  EXISTING  STANDARDS 

The  use  of  the  mains  cables  and  lines  to  transmit 
signals  has  been  with  us  for  many  years.  Up  to  the 
1970s,  it  was  largely  used  by  utilities  for  circuit 
protection  and  to  control  system  loading.  In  the  UK, 
the  preferred  operating  frequencies  for  power  line 
carrier  systems  in  the  1960s  and  1970s,  were  in  the 
range  70  -  489  kHz  and  511  -  1000  kHz.  At  the  other 
end  of  the  spectrum,  ripple  control,  using  low  audio 
frequencies,  was  used  around  1913  in  Leatherhead 
for  tariff  switching.  During  the  1980s,  there  was  an 
upsurge  of  interest  in  using  the  mains  for  more 
complex  information  and  data  transmission,  using 
very  low  frequency  (VLF)  radio  frequencies  (10  kHz  - 
1 50  kHz)  to  signal  between  points  connected  by  the 
low  voltage  network.  To  prevent  these  VLF  signals 
interfering  with  broadcast  radio  and  other  users  of 
the  radio  spectrum,  such  as  aircraft  navigation,  the 
UK  Home  Office  asked  that  transmissions  be  limited 
to  the  frequency  bands  40-90  kHz  and  110-140  kHz. 
By  1986,  a  British  Standard  has  been  drafted  that 
further  sub-divided  the  allowed  frequency  bands  and 
allocated  them  to  specific  applications,  such  as  the 
supply  authority,  private  installations,  alarm  systems 
etc.  British  Standard  6839  was  first  published  in 
1987.  The  standard  recognised  signalling  at 
frequencies  as  low  as  3  kHz. 

Standardisation  in  Europe  later  progressed  with  the 
introduction  of  CENELEC  standard  EN  50065, 
dealing  with  signalling  on  low  voltage  electrical 


installations.  The  frequency  range  remained  3  kHz 
to  148.5  kHz. 

3.1.  Supply  of  new  services  on  power  line  cables 

Outdoor  lines,  primarily  used  for  power  and/or  low 
frequency  communications  are  to  be  employed  for 
the  transmission  of  high  rate  digital  signals.  The  new 
signalling  protocols  will  generate  signals  which  will 
occupy  the  frequency  band  from  approximately  600 
kHz  up  to  10  MHz,  i.e.  at  frequencies  considerably 
greater  than  the  upper  limit  of  140  kHz  used 
currently.  This  frequency  range  is  occupied  by  LF, 
MF  and  HF  radio  frequency  transmissions,  thus 
there  exists  a  great  potential  for  interference  to  be 
caused  to  broadcast  services. 

Conversely,  broadcast  services  have  the  potential  to 
cause  interference  to  the  new  services.  Spread 
spectrum  techniques  are  planned  to  be  used,  in 
order  to  achieve  the  larger  transmission  distances 
needed  to  make  the  services  economic  to  provide. 
As  well  as  the  potential  interference  from  the 
fundamental  signal,  unwanted  harmonics  from  the 
transmitted  signal  could  exist  up  into  the  10s  or  100s 
of  MHz,  thus  extending  the  range  of  potential 
interference  complaints. 

Given  the  desire  to  utilise  the  installed  power  supply 
network  for  services  which  are  to  be  transmitted  at 
frequencies  not  intended  in  the  original  concept  of 
the  system,  there  is  an  urgent  need  to  develop  a 
model  through  research  which  will  permit  the 
estimations  of  radiated  emissions  from  power  and 
telephone  lines  such  that  consideration  can  be  given 
to  the  development  of  suitable  standards. 

Broadband  RF  signals  such  as  those  used  for  video 
on  demand,  can  occupy  a  bandwidth  with  an  upper 
frequency  of  around  10  MHz,  harmonics  of  the 
signals  can  extend  to  100s  of  MHz.  It  is  clear  that 
coupling  to  and  from  the  emerging  transmission 
systems  is  of  concern  for  two  reasons; 

a)  Radiated  emissions  from  the  transmission 
lines  can  interfere  with  other  users  in  the 
designated  frequency  spectrum. 

b)  Radiated  susceptibility  of  the  transmission  line 
can  result  due  to  radio  transmissions  currently 
present  within  the  designated  frequency 
spectrum. 

Power  distribution  cabling  and  telephone  cabling  was 
not  originally  designed  to  transmit  high  frequency 
signals  over  long  distances.  In  addition  to  high  cable 
attenuation  and  hence  restricted  transmission 
distances,  electromagnetic  compatibility  becomes  an 
issue.  With  regard  to  high  voltage  power  distribution 
lines,  control  of  radiated  emissions  has  been 
exercised  through  the  application  of  standards  such 
as  CISPR  18  (BS  5049  in  the  UK)  and  EN  50083-1 
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for  mains  signalling.  The  latter  specifies  a  maximum 
level  of  applied  voltage  to  the  power  line  at 
frequencies  in  three  bands  with  an  upper  limit  of  140 
kHz.  The  use  of  higher  frequencies  and  much  wider 
bandwidths  is  likely  to  result  in  efficient  radiation 
from  any  overhead  line  that  is  not  perfectly  balanced. 

3.2.  Elements  of  a  research  programme 

The  development  of  a  model  capable  of  predicting 
the  effects  of  high  frequency  transmissions  on  the 
power  network  needs  to  take  account  of  a  number  of 
factors. 

In  the  case  of  the  mains  distribution  network,  the 
prediction  of  radiated  emissions  has  to  consider  a 
variety  of  scenarios  and  models  which  encompass 
typical  'tree  and  branch'  networks.  The  transmission 
and  radiation  properties  of  power  cables  at  high 
frequencies  have  not  been  thoroughly  characterised, 
although  similar  theoretical  principles  can  be  applied 
to  power  cables  as  those  used  for 
telecommunication  cables.  The  major  difference  is 
that  power  cables  are  inherently  unbalanced  and  will 
be  more  effective  at  generating  common-mode 
emissions. 

For  the  prediction  of  radiation  from  mains 
communication  systems,  a  number  of  real  life 
scenarios  will  need  to  be  analysed.  The  network 
should  be  modularised  into  elements  with  defined 
radiation  properties.  For  instance,  a  'lamp-post' 
radiator  is  likely  to  exhibit  a  different  radiation  pattern 
and  field  polarisation  to  overhead  distribution  cables, 
which  in  turn  will  determine  whether  their  respective 
emission  would  affect,  for  example,  domestic  radio 
receivers  or  air  traffic  communications.  Also,  in  the 
case  of  multi-occupier  buildings,  the  effects  of 
multiple  radiation  sources  has  to  be  considered  due 
to  the  possibility  of  constructive  field  enhancement. 

Techniques  for  predicting  the  radiated  emission 
levels  from  VDSL  transmission  systems  on 
telephone  subscriber  lines  (twisted  pair  cables)  have 
already  been  published.  It  has  been  shown  using 
simple  formulae  and  worst-case  assumptions  that 
the  disturbance  voltage  received  in  an  antenna 
operating  in-band  due  to  a  collocated  VDSL 
transmission  line  could  be  of  the  order  of  20  pV,  a 
level  likely  to  cause  interference  to  amateur  radio 
users.  Parameters  of  the  transmission  systems 
identified  as  critical  in  the  calculations  are; 

•  The  power  spectral  density  of  the  transmission 
signal. 

•  The  balance  of  the  transmission  line  (or 
longitudinal  balance) 

•  The  method  of  termination  of  the  transmission 
line 


•  The  perpendicular  distance  from  the 
transmission  line  to  the  receive  point. 

Attempts  have  been  made  to  characterise  the 
transmission  properties  of  power  distribution  network 
in  terms  of  the  attenuation  losses  as  a  function  of 
frequency,  up  to  a  frequency  of  20  MHz.  It  was 
shown  that  at  high  frequencies  the  attenuation  in  the 
power  network  is  affected  strongly  and  randomly  by 
the  number  of  users  (loads)  and  hence  the  particular 
time  of  day. 

The  VLF  schemes  currently  use  a  range  of 
transmission  modes  and  signal  types.  Both  common 
mode  and  differential  schemes  are  used  on  single 
phase  and  three  phase  systems. 

The  modularisation  of  the  mains  network  will  allow 
estimations  to  be  made  of  the  level  of  radiated 
emissions  for  a  variety  of  real-life  networks  and 
installations.  Worst-case  assumptions  regarding  the 
interaction  of  the  emission  levels  from  the  various 
models  will  form  the  basis  for  determining  acceptable 
radiation  limits. 

Finally  all  the  above  elements  will  need  to  be 
included  in  a  standard  which  would  be  used  to 
control  the  emissions  from  such  systems. 

4.  CONCLUSION 

This  paper  has  outlined  some  of  the  research 
elements  which  are  involved  in  the  development  of 
standards.  Even  for  well  established  measurement 
methods  and  equipment,  there  is  a  need  research  in 
order  to  improve  measurement  accuracy.  Research 
is  even  more  important  to  define  acceptable  EMC 
requirements  when  new,  high  speed  systems  are 
planned  to  be  connected  to  an  installed 
infrastructure. 
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Introduction: 

Since  the  start  of  the  EMC  directive  many 
things  have  change  in  a  positive  as  well  as  in  a 
negative  way.  The  enormous  amount  of  new 
harmonised  standards  by  the  EC  and  the  latest 
Guidelines  could  possibly  help  the  manufacturer  world 
wide  under  the  self  declaration  route.  EMC  however, 
seems  to  stand  for  "even  more  confusion"  and  CE  is 
some  parts  of  Asia  is  interpreted  as  Chinese  export. 
The  testhouse  and  certification  agency  -  Competent 
Body  customer  still  needs  a  lot  of  guidance, 
information  and  finally  professional  help.  This  is  why 
EES  decided  to  put  valuable  information  on  the 
homepage  for  downloading  free  of  charge.  CE 
Marking  is  by  far  no  more  limited  to  EMC  but  rather 
electrical  safety,  medical,  telecommunications,  radio, 
machinery  and  many  other  directives.  The  automotive 
EMC  problems  are  dealt  with  separately  and  will  lead 
to  el  certification.  This  means,  the  trend  in  testing  and 
certification  clearly  goes  to  one-stop-shopping  for  the 
client.  A  reliable,  fast  and  cost  effective  sendee  based 
on  a  strong  international  competence  is  mandatory  to 
become  successful  in  this  new  market.  The  market  is 
on  the  one  hand  side  very  much  locally  oriented  and 
many  testhouses  popped  up  in  the  last  3  years,  not  all 
of  them  are  necessarily  experienced.  Consequently 
some  people  believe  price  is  the  only  issue.  This  could 
back  fire,  thinking  of  product  liability'  and  time  to 
market.  On  the  other  hand  testing  and  certification 
including  approvals  is  a  global  issue  in  the  major 
markets  North  America,  Europe  and  Far  East.  A 
reaction  to  the  European  EMC  legislation  is  a  world 
wide  trend  of  national  legislation  in  order  to  negotiate 
mutual  recognition  agreements  (MRAs).  This  means  a 
niche  market  is  slowly  developing  into  a  real  world 
wide  market,  including  East  Block  Countries  and  e.  g. 
China. 

An  other  consequence  is  the  strong  need  for 
efficient  and  cost  effective  test  standards. 


Achievements,  trends  and  deficiencies  of  today’s 
EMC  standards 

An  often  misunderstood  concept  of  standards 
under  the  self  certification  route  using  harmonised 
standards  which  are  published  in  the  official  journal  of 
the  European  Union  is  disregarding  to  meet  the 
essential  protective  requirements  as  defined  in  the 
various  directives.  Using  the  harmonised  route  means 
the  manufacturer  declares  conformity  and  the 
presumption  of  conformity  is  based  on  meeting  the 
harmonised  standards.  However,  this  may  lead  in 
some  cases  to  severe  problems  if  standards  are  wrongly 
interpreted.  One  of  the  typical  problem  areas  is  the 
legal  formula  CE+CE=CE,  when  it  comes  to  system 
integration.  Recent  prosecution  in  the  EU  has 
technically  clearly  denied  this  approach,  because  in 
each  and  eveiy  declaration  case  (self  certification  or 
third  party,  accredited  testlab  or  Competent  Body)  the 
ultimate  goal  is  to  meet  the  protective  requirements.  In 
the  actual  presentation  technical  examples  will  be 
given  from  the  various  parts  of  our  testhouse  and 
certification  activities. 

Even  correctly  interpreting  the  standards  and 
being  an  expert  in  the  field,  many  questions  about 
standards  and  their  pure  consistency  become  aparent. 
Why  are  emission  and  immunity.  LISN  and  CDNs  and 
other  coupling  networks  using  different  impedances 
(50  Ohm  and  150  Ohm)?  Is  there  any  difference  in 
physics?  Why  do  we  use  different  EUT  layouts  of 
cables  for  conducted  and  radiated  tests?  Why  do  we 
define  different  heights  for  the  same  cables  under 
emission  and  immunity?  What  is  happening  to  the 
length  of  the  exposed  EUT  cables?  Why  are  the 
locations  of  measurement  points  different?  Can 
anybody  reasonably  explain  why  radiated  emission 
sites  are  totally  different  from  immunity  sites?  Is 
historical  development  of  the  standards  the  only 
justification  why  alternative  radiated  test  sites  are 
probed  by  volumetric  testing  while  radiated  immunity 
sites  are  only  probed  in  16  points  of  a  1,50  m  x  1,50  m 
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plane  area?  What  is  done  to  test  and  certify  systems 
and  installations  in  a  physically  meaningful,  reliable 
and  still  cost  effective  procedure?  In  the  actual 
presentation  the  author  is  tiying  to  point  out  to  some 
realistic  solutions  by  not  necessarily  playing  the  devil's 
advocate  in  favour  of  military  standards.  The 
presentation  will  conclude  with  the  authors  experience 
as  an  official  testhouse  and  Competent  Body  auditor  in 
the  German  accreditation  system.  How  accurate, 
repeatable  and  traceable  are  the  measurements  of  some 
"accredited  EMC  labs"  operating  in  a  price  range 
which  clearly  indicates  they  are  using  a  fraction  of  the 
prescribed  test  and  dwell  time  as  specified  in  the 


corresponding  standards.  What  is  next  after  having 
converted  the  black  sheeps  into  white  sheeps  by  the 
market  forces  and  the  clients?  Who  is  able  to  bring 
together  the  world  wide  scattered  experts  which  have 
the  practical  experience  and  the  theoretical 
background  to  finally  create  global  harmonisation  and 
unification  of  EMC  standards  which  will  make  almost 
everybody  happy?  This  is  a  very  demanding  challenge 
which  should  quickly  get  industry,  government 

enforcement  agencies  and  universities  to  co-operate 

effectively  as  soon  as  possible  to  eliminate 

international  trade  barriers. 
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1 .  INTRODUCTION 

CISPR  was  formed  in  1934  to  protect  radio 
reception.  In  those  days,  the  main  concern  was  the 
protection  of  Broadcast  services,  from  the 
electrical  devices  that  were  beginning  to  become  a 
part  of  everyday  living.  Today  the  expectations  of 
radio  users  have  increased,  and  CISPR  has  risen 
to  meet  these  expectations.  The  use  of  radio  has 
greatly  increased  in  recent  years,  especially  the 
use  of  mobile  and  satellite  services.  Also  the 
number  of  other  electrical  products  has  greatly 
increased,  and  now  most  of  these  products  contain 
electronic  controls  of  some  form.  These 
developments  greatly  increase  the  opportunity  for 
EMC  problems.  It  must  also  be  recognised  that  in 
addition  to  protecting  the  reception  of  radio 
services,  people  expect  other  electrical  equipment 
to  be  immune  from  radio  transmissions. 

CISPR  has  successfully  evolved  to  meet  these 
demands,  and  will  need  to  continue  to  evolve  as 
these  demands  change  in  the  future. 

2.  WHY  STANDARDS? 

EMC  standards  have  often  been  considered  to  be 
primarily  a  matter  of  national  concern.  However,  this 
can  lead  to  the  creation  of  technical  barriers  to  trade. 
With  the  present  world  trade  situation,  it  is  essential 
that  a  product  from  country  A  and  one  from  country  B 
will  both  function  third  countries,  without  suffering 
from  problems  associated  with  EMC.  To  achieve  this, 
technical  barriers  need  to  be  removed  by  the 
adoption  of  common  standards  -  this  was  one  of  the 
driving  forces  behind  the  adoption  of  the  EMC 
Directive  in  the  European  Union.  This  move  has 
given  EMC  Standards  in  Europe  a  legal  status. 
Unfortunately  this  has  also  created  some  legal 
problems  which  we  are  working  to  overcome. 
However,  the  desire  to  have  fully  international 
standards  in  Europe  has  led  to  the  use  of  a  parallel 
voting  procedure  with  the  IEC,  so  that  international 
standards  can  be  adopted  as  soon  as  possible. 


3.  CISPR  STANDARDS 

Many  of  the  CISPR  standards  are  well  known,  but 
as  with  other  standards,  they  continually  need  to  be 
updated,  and  new  ones  added.  Table  1  indicates  the 
current  range  of  CISPR  Standards.  This  list  of  EMC 
Standards  shows  that  the  CISPR  activities  have 
primarily  been  concentrated  on  emission  standards, 
which  have  been  based  on  individual  product  areas. 
However,  at  the  bottom  of  the  list  are  two  Generic 
Standards.  These  are  different  from  the  other 
standards,  in  that  their  scopes  are  based  on  particular 
EMC  environments,  and  not  on  particular  products.  It 
will  be  noticed  that  these  last  two  standards  have 
"IEC"  numbers  instead  of  “CISPR"  numbers.  This 
change  was  agreed  by  the  CISPR  Steering 
committee  in  order  for  the  emission  standards  to  be 
in  the  same  series  as  the  IEC  Generic  Immunity 
Standards.  Also  if  these  Generic  Emission  standards 
are  studied,  it  will  be  seen  that  they  contain  limits 
below  9kHz.  This  is  an  area  that  is  the  responsibility 
of  IEC  TC77,  but  it  was  considered  that  users  would 
benefit  from  having  the  limits  in  a  single  document. 

4.  THE  STANDARDS  HIERARCHY 

To  fully  understand  the  standards  situation  there  is 
a  need  to  be  aware  of  the  standards  hierarchy. 
Essentially,  standards  fall  into  one  of  three 
categories: 

•  Basic  Standards  address  a  particular  EMC 
phenomenon,  the  appropriate  test  method(s), 
and  a  suggested  range  of  limits. 

*  Generic  Standards  address  all  the  relevant 
EMC  phenomena  for  a  particular  EMC 
environment,  and  define  the  necessary  test 
levels.  To  do  this,  the  Generic  Standards  make 
reference  to  the  appropriate  Basic  Standards. 

»  Product  Standards  define  specific  EMC 
requirements  and  test  procedures  dedicated  to 
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specific  families  for  the  environment  in  which 
they  are  intended  to  operate.  Note:  The  term 
Product  Standard  is  used  in  this  paper  to  also 
covers  the  term  Product  Family  Standard. 

In  these  three  categories  it  needs  to  be  recognised 
that  the  Product  Standards  are  at  the  top  of  the 
standards  hierarchy.  Hence,  there  is  a  demand  by 
product  committees  to  have  their  own  Product 
Standard,  rather  than  try  to  apply  the  Generic 
Standards.  Whilst  this  is  an  understandable  request, 
there  is  also  a  need  to  ask  the  question;  “Is  this  in  the 
best  interests  of  protecting  the  use  of  the  radio 
spectrum?” 

4.  PRESENT  PRODUCT  STANDARDS 

In  general,  CISPR  Product  Standards  have 
served  their  purposes  well,  and  have  assisted  in 
ensuring  that  EMC  problems  remain  at  a 
manageable  level.  However,  if  the  individual 
standards  are  studied  in  any  depth,  becomes 
apparent  that  there  are  significant  differences 
between  them.  For  instance,  not  all  Product 
Standards  test  over  the  same  frequency  range.  In 
general  most  standards  require  testing  up  to  1GHz 
however,  some  only  test  up  to  300MHz.  It  is  also 
apparent  that  similar  types  of  products  fall  into  the 
scopes  of  different  standards,  with  different  EMC 
requirements,  although  they  operate  in  the  same 
EMC  environment.  Such  discrepancies  have  to  a 
great  extent  arisen  due  to  the  advances  in  technology 
that  have  taken  place  since  the  earlier  standards 
were  developed.  To  give  two  examples: 

•  An  electronic  typewriter  now  bears  a  greater 
resemblance  to  a  PC  than  the  electro¬ 
mechanical  device  envisaged  by  CISPR  14. 

•  The  difference  between  a  VDU  and  a 
television  is  becoming  increasingly  blurred, 
yet  the  present  EMC  requirements  are  vastly 
different. 

Advances  in  technology,  requires  EMC  standards 
to  be  reviewed  ever  more  frequently.  In  particular 
faster  switching  speeds  necessitate  testing  for 
emissions  at  ever-higher  frequencies,  and  the 
merging  of  technology  requires  the  scopes  of  the 
Product  Standards  to  be  redefined. 

The  above  scenario  poses  a  dilemma  regarding 
how  to  balance  the  need  for  the  continual  updating  of 
standards  against  the  requirement  of  industry  to  have 
some  stability  in  the  standards.  This  is  essential  to 
allow  industry  to  development  and  market  their 
products.  Against  this  background  there  is  a  need  for 
EMC  standards  to  protect  the  EM  environment  to 
enable  the  ever-growing  use  of  radio  services. 


It  is  this  changing  world  of  EMC  that  needs  to  be 
carefully  managed  if  CISPR  is  to  continue  to  have 
effective  EMC  standards  that  enable  products  to 
function  in  the  same  environment  as  radio  services. 
How  can  CISPR  standards  continue  to  balance  these 
apparently  conflicting  requirements? 

5.  STANDARDS  FOR  THE  FUTURE 

CISPR  standards  have  proved  their  usefulness 
over  a  period  of  time,  and  despite  their 
inconsistencies,  are  generally  effective  and  easy  to 
use.  Against  this,  the  developing  and  merging  of 
technology  requires  them  to  be  updated  ever  more 
frequently. 

The  primary  purpose  of  CISPR  standards  is  to 
protect  the  use  of  the  radio  spectrum.  With  the 
changes  in  technology  that  we  are  experiencing,  the 
traditional  division  of  standards  into  different  product 
areas  is  becoming  increasingly  difficult  to  justify.  The 
need  for  a  more  consistent  relationship  between 
product  emission  limits  and  the  radio  environment  is 
becoming  increasingly  apparent.  If  CISPR  standards 
are  to  continue  to  succeed  in  their  role  in  the  EMC 
standards  process,  they  will  need  to  remove  some  of 
the  present  inconsistencies.  I  believe  that  of  necessity 
standards  will  have  to  move  closer  towards  some 
form  of  reference  standard,  such  as  the  Generic 
Standards. 

From  the  point  of  protecting  the  EM  environment, 
this  has  to  be  considered  a  good  thing,  as  it  is 
anomalous  to  have  two  products  in  the  same  location 
having  different  levels  of  EMC  emissions.  The  future 
of  CISPR  standards  is  seen  to  lie  in  applying  the 
requirements  of  the  Generic  Standards  to  particular 
products  so  that  industry  can  produce  and  test  their 
products  economically  and  effectively.  A  move 
towards  adopting  the  values  in  the  Generic  Standards 
will  assist  the  radio  authorities  to  develop  their  new 
services  against  this  common  reference,  knowing 
that  EMC  will  be  achieved. 

6.  SUMMARY 

CISPR  standards  have  served  their  purpose  well, 
but  the  present  continually  changing  environment  in 
which  they  now  find  themselves  poses  both  problems 
and  challenges  for  the  future.  If  CISPR  is  not  to  lose 
its  way,  it  will  need  a  dear  reference  against  which  to 
develop  product  standards.  At  present,  the  prime 
candidates  for  that  reference  are  the  Generic 
Standards.  Moves  towards  a  reference  of  this  nature 
will  not  only  greatly  benefit  the  planning  of  future 
radio  systems  and  services,  but  to  ensure  that  EMC 
is  achieved  for  the  benefit  of  all 
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Table  1 

Current  CISPR  Standards 


Scope 

V  '  ;  . 


Industrial,  Scientific  and  Medical  (ISM) 
Vehicles,  Motorboats  etc. 

Radio,  Television  etc.  -  Emissions 
Domestic  Appliances,  Tools  etc.  - 
Emissions 

Domestic  Appliances,  Tools  etc.  - 

immunity 

Lighting 

Measuring  apparatus 
Measurement  Methods 
Filter  Measurements  etc. 

Overhead  Power  Lines  etc.  (3  parts) 
Microwave  Ovens  Measurements 
Radio,  Television  etc.  -  Immunity 
Mobile  Radio  interference 
Information  Technology  Equipment  - 
Emissions 

ISM  -  Determination  of  Limits 
Information  Technology  Equipment  - 
Immunity 

Protection  of  Mobile  Receivers 

ISM  In-band  Emissions 

Generic  Emissions  for  Residential  Areas 

etc. 

Generic  Emissions  for  Industrial  Areas 
etc.  _  _ 


Reference  Number 

'■  .[  Yj 

CISPR  11 

Emissions 

CISPR  12 

Emissions 

CISPR  13 

Emissions 

CISPR  14 

Emissions 

CISPR  14-2 

Immunity 

CISPR  15 

Emissions 

CISPR  16-1 

CISPR  16-2 

CISPR  17 

CISPR  18 

Emissions 

CISPR  19 

CISPR  20 

Immunity 

CISPR  21 

CISPR  22 

Emissions 

CISPR  23 

CISPR  24 

Immunity 

CISPR  25 

Emissions 

CISPR  28 

Emissions 

1  EC  61000-6-3 

Emissions 

IEC  61000-6-4 

Emissions 

EMC  98 
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The  structures,  concepts  and  contents  of 
current  EMC  standards  are  reviewed.  They  are  the 
starting  point  to  future  standards  that  should 
further  implement  new  technologies  and  improve 
benefit/cost  optimization  when  specifying  and 
testing  EMC.  The  paper  gives  some  details  on  the 
standards  of  I  EC  TC  77:  EMC. 

1.  INTRODUCTION 

EMC  standardization  has  started  at  the  very 
beginning  with  product  standards,  dealing  with 
particular  technologies  and  with  a  rather  limited 
number  of  electromagnetic  (EM)  phenomena.  Test 
methods  for  similar  phenomena  but  for  different 
products  might  have  been  quite  different.  The 
following  developments  and  events  have  given  the 
most  significant  impacts  to  EMC  standardization: 

•  The  ever  increasing  use  of  electrical  and 
electronic  technology,  especially  the 
omnipresence  of  power-  and  micro-electronics 
and  of  mobile  communication, 

•  The  EMC  Directive  of  the  EU. 

As  a  consequence,  new  technical  and 
management  structures  and  new  specification 
concepts  emerged,  resulting  in  better  coordination 
and  faster  development  of  standards.  The 
structures  are  well  established  and  the  most 
important  standards  are  available.  Although  there 
are  still  needs  for  filling  gaps,  improving  standards 
and  considering  emerging  new  technologies,  there 
is  a  solid  basis  for  future  development.  This  paper 
aims  to  describe  the  current  situation,  which  is  the 
starting  point  into  the  future.  It  concludes  with 
some  views  on  further  steps. 


2.  STRUCTURES  FOR  COORDINATION: 

BASIC  /  GENERIC  /  PRODUCT  STANDARDS 

A  significant  step  towards  better  coordination 
and  management  of  the  development  of  EMC 
standards  has  been  done  by  the  application  of  the 
clear  concepts  of  Basic  /  Generic  /  Product  or 
Product  Family  Standards  and  by  the  attribution  of 
responsibilities  for  setting  emission  limits  [1], 

2.1  Basic  EMC  Standards 

Basic  EMC  Standards  or  Publications  give 
general  and  fundamental  conditions  and  rules  and 
serve  as  reference  documents  for  product 
committees.  Examples:  test  methods  (without 
requiring  specific  limits)  or  publications  on  the  EM 
environment. 

2.2  Generic  EMC  Standards 

Generic  EMC  Standards  specify  a  set  of 
essential  requirements  on  emission  and  immunity 
for  a  given  environment.  They  cite  the  Basic 
Standards  as  test  methods  and  specify  emission 
and  immunity  limits.  They  may  be  applied  where 
no  Product  (Family)  Standards  are  available  for  a 
certain  product. 

2.3  Product  (Family)  EMC  Standards 

Product  (Family)  EMC  Standards  specify 

EMC  requirements  for  defined  products  (or 
product  families),  giving  detailed  operating 
conditions  and  performance  criteria  for  EMC 
testing.  These  standards  cite  basic  standards  as 
test  methods,  and  specify  immunity  limits 
according  to  the  environment  where  the  equipment 
should  operate  and  also  according  to  the  intended 
quality  of  the  equipment. 
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2.4  Responsibilities 

2.4.1  Basic  standards  are  usually  developed 
by  the  horizontal  committees:  by  IEC  TC  77  for 
immunity  and  for  low  frequency  (LF)  emission  and 
by  CISPR  for  high  frequency  (HF)  emission. 

Note:  In  EMC  terminology  the  “high 
frequency”  refers  to  frequencies  f  >  9  kHz,  i.e.  to 
radio  frequency,  RF. 

2.4.2  Generic  standards  are  in  the 
responsibifity  of  TC  77  and  CISPR,  whereby  they 
have  been  voted  and  issued  through  CISPR 
(Standards  61000-6-3  and  -4). 

2.4.3  Product  Standards  and  Product  Family 
Standards  are  in  the  responsibility  of  the  product 
committees,  however: 

2.4.4  Emission  limits  are  specified  by  the 
responsible  EMC  committees  with  horizontal 
function,  taking  into  consideration  the  needs  of  the 
product  committees.  TC  77  is  responsible  for  low 
frequency  (LF)  and  CISPR  for  high  frequency  (HF) 
emission  limits.  This  responsibility  of  the  horizontal 
committees  guarantees  the  coordination  of  the 
emission  limits  in  order  to  optimize  EMC 
performance  and  costs. 


3.  REINVENTED:  BLACK  BOX  WITH  PORTS 

An  important  step  towards  better  technical 
concepts  and  structures  is  the  new  view  that 
considers  basically  each  equipment  as  a  "black¬ 
box"  having  number  of  physical  "ports"  (AC  and 
DC  power  ports,  signal  and  telecommunication 
ports,  earth  port).  These  ports  and  the  equipment 
enclosure  are  assumed  to  interact  with  the 
environment  (see  e.g.  the  Generic  Immunity 
Standard  IEC  61000-6-1).  Using  this  specification 
structure,  most  equipment  can  be  tested  with  the 
same  test  methods,  i.e.  the  same  Basic  Standards 
can  be  used  for  measurement  and  testing  of 
nearly  all  products. 


4.  CONCEPT  OF  EM  ENVIRONMENT 

Further  structures  and  basis  for  optimum 
specifications  have  been  introduced  by 
distinguishing  relevant  EM  phenomena,  see  table 
1 .  Publications  on  the  EM  environment  are  the 
basis  for  setting  emission  and  immunity  limits.  The 
respective  publications  on  the  EM  environment 
either  give  a  description  or  classification  of  the 
environment  or  they  specify  compatibility  levels. 
“Compatibility  level”  is  a  key  quantity  in  EMC 
planning.  It  is  defined  as  the  specified 
electromagnetic  disturbance  level  used  as  a 
reference  level  for  coordination  in  the  setting  of 
emission  and  immunity  limits.  Note:  By  convention 


the  compatibility  level  is  chosen  so  that  there  is 
only  a  small  probability  that  it  will  be  exceeded  by 
the  actual  disturbance  level. 


5.  STRUCTURES  WITH  CONTENT: 

STANDARDS  OF  IEC  TC  77 

The  publications  of  IEC  TC  77  and  sub¬ 
committees  appear  in  the  series  IEC  61 000-x-y 
(formerly  numbered  1 000-x-y),  according  to  the 
structure  given  in  table  2.  Tables  3  and  5a  offer  a 
complete  overview  on  what  is  available  and  what 
is  going  on  in  TC  77.  The  part  and  section 
numbers  which  are  in  brackets,  indicate  that  there 
is  only  a  project  but  not  yet  a  printed  publication 
available. 

The  main  aim  of  Table  5  is  to  show  which  EM 
phenomena  are  covered  by  which  type  of  pub¬ 
lication  or  project  in  TC  77.  Not  all  phenomena  are 
equally  important  and  therefore,  not  all  of  them 
need  to  be  covered  by  an  EMC  specification. 

Further  important  IEC  standards  are 
published  by  CISPR  (either  as  basic  HF  emission 
test  methods  or  as  HF  emission  limits  or  as 
product  standards).  A  great  deal  of  product 
standards  is  published  by  the  appropriate  Product 
Committees  of  IEC. 

CENELEC  is  usually  adopting  the  standards 
of  IEC.  For  legal  reasons,  there  was  an  urgent 
need  for  the  Generic  Standards  in  Europe. 
Therefore  they  have  been  first  developed  by 
CENELEC.  IEC  has  adopted  the  CENELEC 
Generic  Emission  Standards  in  the  fast  track 
procedure.  The  Generic  Immunity  Standards  of 
IEC  are  nearly  identical  to  the  CENELEC  versions. 
Some  further  international  organizations  are 
developing  product  EMC  standards,  e.g.  ITU-T, 
ISO,  OIML  etc. 

Hint:  A  visit  to  the  IEC  web  site, 
http://www.iec.ch,  is  recommended  for  obtaining 
the  most  recent  information  on  publications  and 
projects. 


6.  THE  GENERIC  STANDARDS:  A  KEY  ROLE 

These  standards  specify  EMC  requirements 
related  only  to  essential  EM  phenomena  and  serve 
as  guidance  for  drafting  Product  Standards. 
Therefore  they  have  a  key  role,  they  tell  us 

•  which  are  the  essential  phenomena  to  be 
measured  or  tested  and 

•  which  levels  or  limits  should  generally  be 
applied. 


754 


The  Generic  Standards  are  in  a  rather  mature 
stage.  All  EM  phenomena  which  are  currently 
considered  as  essential,  are  covered.  Therefore  it 
is  worth  noting  the  phenomena  and  levels  in 
table  4. 


7.  WHAT  NEXT? 

•  Essential  phenomena: 

As  already  mentioned,  the  essential  EM 
phenomena  are  rather  well  covered  with  basic 
standards  and  requirements,  they  are  included 
in  the  Generic  Standards.  Some  small  gaps 
have  to  be  filled  (LF  emission  limits  for  I  >  16 
A).  Test  and  measurement  methods  for  further 
phenomena  are  near  to  completion  or  in  steady 
progress. 

•  Further  important  ongoing  work  in  !EC  TC/SC 
77: 

•  EMC  and  functional  safety 

•  Power  Quality 

•  HEMP  concepts  and  protection  methods, 
not  necessarily  restricted  to  HEMP 
(shielding,  filtering,  testing  large  systems 
etc.) 

•  New  technologies: 

New  methods  and  requirements  may  be 
imposed  by  the  extension  of  frequency 
ranges  of  specification  for  both,  low  and 
high  frequency  phenomena:  LF 
requirements  up  to  9  kHz,  HF 
requirements  well  above  1  GHz. 

•  Physically  large  systems,  installations: 

EMC  testing  is  poorly  defined  in  the  Basic 
Standards  for  such  systems.  More  guidance 
and  standards  are  required  for 

•  in  situ  testing 

•  assessment  of  large  systems  and 
installations  (see  also  some  concepts  in 
the  projects  on  HEMP  and  on  EMC  and 
functional  safety) 

•  EMC  requirements,  based  on  EM  environment 
and  experience:  EMC  standards  are  widely 
used.  In  many  countries  they  are  applied  by 
legislation.  Therefore,  further  optimization  of 
the  EMC  requirements  is  necessary.  This 
requires: 

•  better  and  more  accurate  description  of 
the  environment  (statistics)  for  setting 
optimum  limits.  Compatibility  levels  for 
voltage  dips  and  short  interruptions  in  the 
LV  public  network  have  1st  priority  in  the 
LF  range 


•  more  experience  with  equipment  behavior, 
related  to  optimized  limits,  in  order  to 
optimally  minimize  the  number  of 
phenomena  to  be  tested. 

•  EMC  measurement  and  test  methods: 

Also  the  test  procedures  should  be  further 
optimized  for  the  aforementioned  reasons. 

This  means: 

•  drafting  standards  of  better  quality 

•  new,  innovative  cost  and/or  time  saving 
test  methods 

•  coordination  of  emission  and  immunity 
testing:  Increased  cooperation  CISPR  / 
TC77,  e.g.:  Joint  Task  Forces  for  “TEM 
cells”,  “Mode  stirred  chambers" 

•  strong  consideration  of  feedback  from 
product  committees,  who  are  applying  the 
Basic  and  Generic  Standards, 

•  improved  cooperation  of  the  horizontal 
EMC  committees  of  the  IEC  (CISPR  and 
TC77)  with  the  product  committees  in  IEC 
and  with  committees  outside  IEC  (ISO, 

ITU  etc.) 

•  Priority  of  Product  Standards: 

While  essential  standards  and  requirements  are 
at  a  mature  stage  in  the  horizontal  EMC 
committees,  the  drafting  of  Product  Family  or 
Product  Standards  obtains  high  priority. 
Therefore,  more  technical  guidance  should  be 
given  to  product  committees  in  this  field. 
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He  is  active  in  standardization,  currently  being  the 
chairman  of  IEC  TC  77:  EMC. 
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ABBREVIATIONS  AND  DEFINITIONS 


Ai 

amendment  No  i, 

Ai  /  fj: 

Amendment  i,  fragment  j 

AC 

alternating  current 

APUB 

document  approved  for  publication 

BPUB 

document  being  published 

CD 

Committee  draft 

CDV 

committee  darft  for  voting 

2CD(V) 

second  committee  draft  (for 
voting) 

CENELEC 

European  Committee  for 
Electrotechnical  Standardization 

CLC 

=  CENELEC 

CISPR 

International  Special  Committee 
on  Radio  Interference 

CRT 

cathode  ray  tube 

Table  1:  Principal  EM  phenomena 
Conducted  low-frequency  phenomena 

-  Harmonics,  interharmonics 

-  Signaling  voltages 

-  Voltage  fluctuations 

-  Voltage  dips  and  interruptions 

-  Voltage  unbalance 

-  Power-frequency  variations 

-  Induced  low-frequency  voltages 

-  DC  in  AC  networks 

Radiated  low-frequency  phenomena 

-  Magnetic  fields 

-  Electric  fields 

Conducted  high-frequency  phenomena 

-  Induced  CW  voltages  or  currents 

-  Unidirectional  transients 

-  Oscillatory  transients 

Radiated  high-frequency  phenomena 

-  Magnetic  fields 

-  Electric  fields 

-  Electromagnetic  fields 
.  Continuous  waves 

.  Transients 

Electrostatic  discharge  phenomena  (ESD) 
High  altitude  nuclear  electromagnetic  pulse 
(HEMP) 


DC 

direct  current 

EM 

electromagnetic 

EMC 

electromagnetic  compatibility 

FDIS 

final  draft  international  standard 

(pr)EN 

(draft)  European  standard 

ENV 

European  prestandard 

IEC 

International  Electrotechnical 
Commission 

HF 

high  frequency; 

LF 

low  frequency;  in  this  context 
usually  f  <  9  kHz 

PPUB 

printed  publication 

RF 

radio  frequency,  f  >  9  kHz 

SC 

subcommittee 

TC 

technical  committee 

TR 

technical  report 

WG 

working  group 

Table  2:  IEC  61000-x-y  series  publications 
Part  1 :  General 

-  General  considerations  (introduction, 
fundamental  principles) 

-  Definitions,  terminology 
Part  2:  Environment 

-  Description  of  the  environment 

-  Classification  of  the  environment 

-  Compatibility  levels 
Part  3:  Limits 

-  Emission  limits 

-  Immunity  limits  (in  so  far  as  they  do  not 
fall  under  the  responsibility  of  the  product 
committees) 

Part  4:  Testing  and  measurement  techniques 

-  Measurement  techniques 

-  Testing  techniques 

Part  5:  Installation  and  mitigation  guidelines 

-  Installation  guidelines 

-  Mitigation  methods  and  devices 
Part  6:  Generic  standards 

-  Immunity 

-  Emission 

Part  9:  Miscellaneous 

-  (empty) 

Each  part  (x)  is  further  subdivided  into  sections 
(y)  which  are  to  be  published  either  as 
international  standards  or  as  technical  reports 
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Table  3:  List  of  IEC  61000-x-y  publications  and  projects  (Fall  1997) 


Notes: 

1 .  Part  and  section  numbers  -x-y  in  brackets  indicate  projects  (no  printed  publication  available) 

2.  In  case  of  existing  publications,  the  document  numbers  in  brackets  indicate  the  last  versions  of  ongoing 
amendments  or  revisions,  if  any 

3.  In  case  of  projects,  the  document  numbers  in  brackets  indicate  the  last  draft 


61000:  Electromagnetic  compatibility  (EMC)  -  Part  1:  General  - 

-1  -1 :  Application  and  interpretation  of  fundamental  definitions  and  terms,  TR3 

(-1  -2):  Methodology  for  the  achievement  of  functional  safety  of  electrical  and  electronic  equipment 
(77/182/CD) 


61000:  Electromagnetic  compatibility  (EMC)  -  Part  2:  Environment  - 

-2-1 :  Description  of  the  environment  -  Electromagnetic  environment  for  low-frequency  conducted 

disturbances  and  signalling  in  public  power  supply  systems,  TR3 

-2-2:  Electromagnetic  compatibility  (EMC)  -  Part  2:  Environment  -  Section  2:  Compatibility  levels  for 

low-frequency  conducted  disturbances  and  signalling  in  public  low-voltage  power  supply 
systems  (77A(Sec.)85/NP) 

-2-3:  Description  of  the  environment  -  Radiated  and  non-network-frequency-related  conducted 

phenomena,  TR3 

-2-4:  Compatibility  levels  in  industrial  plants  for  low-frequency  conducted  disturbances, 

(77  A(Sec .)  1 1 2/N  P) 

-2-5:  Classification  of  electromagnetic  environments,  TR2 

-2-6:  Assessment  of  the  emission  levels  in  the  power  supply  of  industrial  plants  as  regards  low- 

frequency  conducted  disturbances,  TR3 

-2-7:  Low-frequency  magnetic  fields  in  various  environments,  TR3 

(-2-8):  Voltage  dips,  short  interruptions  and  statistical  measurement  results  (Report),  (77A/1 21/NP) 

-2-9:  Description  of  HEMP  environment  -  Radiated  disturbance.  Basic  EMC  publication. 

(-2-10):  Description  of  HEMP  environment  -  Conducted  disturbance.  Basic  EMC  Publication 
(77C/43/CDV) 

(-2-11):  Classification  of  HEMP  environment.  Basic  EMC  Publication  (77C/41/CD) 

(-2-12):  Compatibility  levels  for  low-frequency  conducted  disturbances  and  signalling  in  public  medium- 
voltage  power  supply  systems.  Basic  EMC  Publication  (77 A/1 74/CDV) 


61000:  Electromagnetic  compatibility  (EMC)  -  Part  3:  Limits  - 

-3-2:  Limits  for  harmonic  current  emissions  (equipment  input  current  <  1 6  per  phase)  (77 A/1 85/FDIS, 

Amd.  1  Ed.  1.0,  77A/186/FDIS,  77A/217/FDIS,  77A/1 66/CD,  77A/1 64/CD) 

-3-3:  Limitation  of  voltage  fluctuations  and  flicker  in  low-voltage  supply  systems  for  equipment  with 

rated  current  <  16  A  (77A/140/NP) 

(-3-4):  Limitation  of  emission  of  harmonics  for  equipment  with  rated  current  greater  than  1 6A,  TR2 
(77  A/1 69/CD  V) 

-3-5:  Limitation  of  voltage  fluctuations  and  flicker  in  low-voltage  power  supply  systems  for  equipment 

_ with  rated  current  greater  than  16  A,  TR2 
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-3-6:  Assessment  of  emission  limits  for  distorting  loads  in  MV  and  HV  power  systems  -  Basic  EMC 

publication,  TR3 

-3-7:  Assessment  of  emission  limits  for  fluctuating  loads  in  MV  and  HV  power  systems  -  Basic  EMC 

publication 

-3-8:  Signalling  on  low-voitage  electrical  installations  -  Emission  levels,  frequency  bands  and 

electromagnetic  disturbance  levels 

(-3-9):  Limits  for  interharmonic  current  emissions  (equipment  with  input  power  <  1 6  A  per  phase  and 

prone  to  produce  interharmonics  by  design)  (77 A/1 96/CD) 

(-3-1 0):  :  Emission  limits  in  the  frequency  range  2  ...  9  kHz  (77A/122/NP) 

(-3-11):  'Limitation  of  voltage  changes,  voltage  fluctuations  and  flicker  in  public  low-voltage  supply 
systems  for  equipment  with  rated  current  <  75  A  and  subject  to  conditional  connection 
(77  A/1 93/CD) 


61000:  Electromagnetic  compatibility  (EMC)  -  Part  4:  Testing  and  measurement  techniques  - 

-4-1:  Overview  of  immunity  tests.  Basic  EMC  Publication  (77/188/CD) 

-4-2:  Electrostatic  discharge  immunity  test.  Basic  EMC  Publication; 

(77B/216/FDIS,  77B/189/NP,  77B/190/NP,  77B/191/NP) 

-4-3:  Radiated,  radio-frequency,  electromagnetic  field  immunity  test  (77B/203/CDV,  77B/204/CDV, 

77B/212/CD,  77B/2 15/CD) 

-4-4:  Electrical  fast  transient/burst  immunity  test.  Basic  EMC  Publication  (77B/1 93/CD) 

-4-5:  Surge  immunity  test  (77B/152/NP,  77B/192/INF) 

-4-6:  Immunity  to  conducted  disturbances,  induced  by  radio-frequency  fields 

-4-7:  General  guide  on  harmonics  and  interharmonics  measurements  and  instrumentation,  for  power 

supply  systems  and  equipment  connected  thereto  (77A/1 97/CD) 

-4-8:  Power  frequency  magnetic  field  immunity  test.  Basic  EMC  Publication 

-4-9:  Pulse  magnetic  field  immunity  test.  Basic  EMC  Publication 

-4-10:  Damped  oscillatory  magnetic  field  immunity  test.  Basic  EMC  Publication 

-4-1 1 :  Voltage  dips,  short  interruptions  and  voltage  variations  immunity  tests 
-4-1 2:  Oscillatory  waves  immunity  test.  Basic  EMC  Publication  (77B(France)3/NP) 

(-4-13):  Harmonics  and  interharmonics  including  mains  signalling  at  a.c.  power  port,  immunity  tests. 
Basic  EMC  publication  (77 A/21 5/CD) 

(-4-14):  Test  for  immunity  to  voltage  fluctuations,  Immunity  test  -  Basic  EMC  Publication  (77A/214/CDV) 
-4-1 5:  Flickermeter  -  Functional  and  design  specifications  (BPUB:  77 A/1 87/NP) 

(-4-16):  Test  for  immunity  to  conducted,  common  mode  disturbances  in  the  frequency  range  0  Hz  to  150 
kHz  (77A/201/FDIS) 

(-4-1 7):  Ripple  on  d.c.  input  power  port,  immunity  test.  Basic  EMC  publication  (77A/207/CDV) 

(-4-20):  TEM  cells.  Basic  EMC  Publication:  77B/1 53/CD  (see  also  -4-3) 

(-4-21):  Test  for  immunity  to  radiated  electromagnetic  fields  in  mode  stirred  chambers  (see  also  -4-3) 
(-4-22):  Guide  on  measurement  methods  for  electromagnetic  phenomena  (77(Sec.)134/NP) 

(-4-23):  Test  methods  for  protective  devices  for  HEMP  radiated  disturbance  (77C/38/CD) 

-4-24:  Test  methods  for  protective  devices  for  HEMP  conducted  disturbance  -  Basic  EMC  Publication 
(-4-25):  HEMP  requirements  and  test  methods  for  equipment  and  systems.  Basic  EMC  Publication 
(77C/46/CD) 

(-4-26):  Calibration  of  probes  and  associated  instruments  for  measuring  electromagnetic  fields 
(77B/150/NP) 

(-4-  27):  Unbalance,  immunity  test  (77A/176/CD) 

(-4-28):  Variation  of  power  frequency,  immunity  test  -  Basic  EMC  Publication  (77 A/1 57/CD) 

( 4-29):  Testing  and  measuring  techniques  -  Voltage  dips,  short  interruptions  and  voltage  variations  on 
_ d.c.  input  power  ports,  immunity  tests  -  Basic  EMC  publication  (77A/206/CD) _ 
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(-4-30):  Measurement  of  power  quality  parameters.  Basic  EMC  Publication  (77/1 83/NP,  77/1 87/NP) 
(-4-31):  Measurements  in  the  frequency  range  2  kHz  to  9  kHz.  Basic  EMC  publication  (77 A/1 98/CD) 

61000:  Electromagnetic  compatibility  (EMC)  -  Part  5:  Installation  and  mitigation  guidelines  - 

-5-1 :  General  considerations  -  Basic  EMC  publication,  TR  3 

-5-2:  Earthing  and  cabling,  TR3 

(-5-3):  HEMP  protection  concepts  (77C/39/CD) 

-5-4:  HEMP  -  Specification  for  protective  devices  against  HEMP  radiated  disturbance.  Basic  EMC 

Publication,  TR2 

-5-5:  Electromagnetic  compatibility  (EMC)  -  Part  5:  Installation  and  mitigation  guidelines  -  Section  5: 

Specification  of  protective  devices  for  HEMP  conducted  disturbance.  Basic  EMC  Publication 

(-5-6):  Mitigation  of  external  influences,  TR3  (77B/1 54/CD,  reactivated) 

(-5-7):  Degrees  of  protection  against  electromagnetic  disturbances  provided  by  enclosures  (EM  Code) 
(70(France)23/NP) 

61000:  Electromagnetic  compatibility  (EMC)  -  Part  6:  Generic  standards  - 

-6-1 :  Immunity  for  residential,  commercial  and  light-industrial  environments 

(-6-2):  Immunity  for  industrial  environments  (77/1 95/CDV) 

CISPR  61 000-6-3:  Emission  standard  for  residential,  commercial  and  light-industrial 

environments 

CISPR  61000-6-4:  Emission  standard  for  industrial  environments 

61000:  Electromagnetic  compatibility  (EMC)  -  Part  9:  Miscellaneous  - 

(empty) 
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Table  4:  Generic  EMC  Standards 


Table  4a:  Overview1*  of  the  Generic  EMC  Immunity  Standards 


Phenomenon 

Basic  std 

Port 

power  freq.  magn. 
field, 

IEC  61000-4-8 

enclosure 

radio  freq.  EM 
field,  AM 

IEC  61000-4-3 

enclosure 

radio  freq.  EM 
field,  keyed  carrier 

ENV  50204 4> 
(,GSM“) 

enclosure 

ESD 

IEC  61000-4-2 

enclosure 

radio  freq.  induced 
current 

IEC  61000-4-6 

signal,  control 

DC  input ,  output 
AC  input,  output 
functional  earth 

fast  transients, 
„burst“ 

IEC  61000-4-4 

signal,  control 

DC  input,  output 

AC  input,  output 
functional  earth 

..surges" 

IEC  61000-4-5 

signal,  control 

DC  input,  output 

AC  input,  output 

Voltage  dips  & 

IEC  61 000-4-11 

AC  input 

Voltage  interrupt. 
IEC  61 000-4-11 

AC  input 

Test  specification 

resid.,  commerc.,  I  industrial 


Comments 


light-industrial 

61000-6-1 
=  EN 

50082-1:1997 


environment 

draft  61000-6-2 
77/1 95/CDV 


30  A/m 


acceptable  jitter  on 
CRT  screen 
specified  at 
1  A/m 


carrier:  3V/m  carrier:  10V/m51 


carrier: 
3  V/m 


4  kV  /  8  kV 


3  V,  e.m.f 


...0,5  kV. 
...  0,5  kV 
...  1,0  kV 
...  0,5  kV 


...no  requirement 
...  0.5/ 0.5  kV 
...  2/1  kV 


no  requirement 


4  kV  /  8  kV 


carrier: 

10  V,  e.m.f. 5) 


carrier  f: 

900  MHz, 
on/off  rate: 

200  Hz 

(only  in  Europe) 


air /contact 
discharge 


...  1  kV 


...  1  kV 
...  0.5/ 0.5  kV 
...  4/2kV3) 


30%,  0.5  periods  130%,  0.5  periods 


60  %,  5  periods 


>  95  %, 

250  periods 


60%,  5  &  50 

periods 


>95  %, 

250  periods 


reset  allowed 


reset  allowed 


1)  This  table  does  not  contain  significant  details.  See  further  information  in  the  original  documents! 

2)  In  some  non-European  countries  the  transition  frequency  between  conducted  and  radiated  RF  tests 
(61000-4-6  and  -4-3)  is  optional  within  26  and  80  MHz. 

3)  With  external  protection  elements,  if  their  use  is  required  in  the  equipment’s  manual 

4)  Required  only  in  European  countries,  according  to  the  pre-standard  ENV  50204.  This  standard  will 
probably  be  withdrawn 

5)  In  the  ITU  broadcasting  bands  only  3  V/m  or  3V,  respectively  is  required 
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Table  4b:  Overview1’  of  the  Generic  EMC  Emission  Standards 


Phenomenon 

Basic  std 

Port 

Test  spec 

resid.,  commerc., 
and  light-industr. 

CISPR 

61000-6-3 

=  EN 

50081-1:1992 

ification 

industrial 

environment 

CISPR 

61000-6-4 

=  EN 

50081-2:1992 

Comments 

radio  frequency 

EM  fields : 

CIS  PR  22,  11 

enclosure 

30  -  37  dB(|aV/m) 
at  10  m 

30  -  37  BQiV/m) 
at  30  m 

f:  30-  1000  MHz 

Harmonics 

IEC  61000-3-2 

AC 

0.05  -  2.3  A 

no  requirements 

f:  0-2  kHz 

Volt,  fluct.  &  flicker 

IEC  61000-3-3 

AC 

see  Standard 

no  requirements 

radio  frequency 
voltages 

CISPR  22,1 1,14, 

AC 

46  -  66  dB(qV) 

60  -  79  dB(|iV) 

f:  0.15 -30  MHz 
(also  "clicks”) 

1)  This  table  does  not  contain  significant  details.  See  further  information  in  the  original  documents! 


principal  EM  61000-1-  61000-2-  61000-3-  61000-4-  61000-5-  61000-6- 

phenomena  General  Environment  (Emission)  Test  &  measurement  Install.  &  Generic  Stds 

Limits  methods  mitigation  (see  also 

guidel.  tables  4) 

Immunity  I  Emission  Immu-  I  Emis- 
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XVI 

WORKSHOPS 

Practical  Solution  for  Frequency 
Planning  and  Spectrum  Management 


Workshop  Organizers: 

L&SHochfrequenztechnik  -  Germany 

in  cooperation  with 
Rohde  &  Schwarz  -  Austria 


EMC  98 


INTERNATIONAL  WROCLAW  SYMPOSIUM 
ON  ELECTROMAGNETIC  COMPATIBILITY 

WORKSHOP 


Practical  Solutions  for  Frequency  Planning 
and  Spectrum  Management 

Daniel  Lautenbach,  L&S  Hochfrequenztechnik  GmbH 
Im  Gewerbegebiet  31 ,  D-77839  Lichtenau,  phone:  +49  7227  95350 


1 .  SPECTRUM  MANAGEMENT 

Spectrum  Management  is  an  extremely  wide 
field  of  work.  Starting  from  the  Monitoring,  which  is 
highly  important  to  know  about  the  present 
situation,  it  delivers  large  numbers  of  data  which 
need  to  be  administrated.  The  data  has  to  be 
compared  with  the  actual  situation  according  to  the 
existing  licenses.  Due  to  that,  a  countrywide 
spectrum  database,  accessible  from  every 
relevant  co-worker  in  dedicated  security  levels, 
needs  to  be  available.  For  the  daily  work  like  data 
access,  project  tracing,  licensing,  EMC  and 
interference  checking,  statistics  and  visualization 
of  data  on  a  map  are  important  tools  for  cost 
effective  work. 

The  highly  specialized  procedures  for  national 
and  international  coordination  in  today’s 
communication  services  make  it  necessary  to 
have  service  specific  tools  besides  the  global 
functionality.  If  also  a  full  or  partial  check  of  an 
existing  or  a  new  planning  approach  needs  to  be 
done,  additional  engineering  tools  for  the  different 
services  need  to  be  available. 

Spectrum  management  software  solutions 
incorporate  all  these  issues  in  a  modular  way. 
Common  start-up  software  can  contain 
toolmodules  for  almost  all  of  the  daily  work.  For 
the  very  specialized  tasks  planning  or  coordination 
software  can  be  started  from  the  interface. 
Specialized  tools,  for  e.g.  data  integration  and 
compression  gained  out  of  monitoring  activities, 
can  also  be  accessed. 

Due  to  the  very  specialized  tasks,  the 
individual  packages  are  needed  for,  they  have 
very  individual  data  structure.  To  make  data 
comparable,  systems  also  incorporate  a  Browser 
Database,  being  identical  in  data  structure  for  all 
services  and  frequencies.  State-of-the-Art  software 
packages  have  the  facilities  to  update  the  common 
Browser  whenever  a  change  in  the  service  specific 
database  has  been  carried  out.  Consequently  data 


from  different  sources  stay  comparable  and  every 
user  has  permanently  the  most  important  data 
available  directly  at  his  desk. 

A  basic  idea  is  the  modularity.  It  can  be 
configured  totally  individual  in  the  most  helpful  and 
cost  efficient  way  for  the  user.  Only  the  needed 
toolmodules  and  software  packages  are  combined 
under  one  shell  and  can  work  together  in  the  way 
described  above. 

Step  by  step  the  system  can  be  enlarged  by 
adding  other  software  packages  or  toolmodules  to 
upgrade  functionality. 

The  following  toolmodules  are  necessary  to 
reach  the  high  tasks  for  spectrum  management. 

1.1.  Data  Access 

Data  Access  is  a  linking  module  towards  the 
Spectrum  Database.  It  manages  all  the  linking  and 
querying  towards  the  database  and  makes  the 
data  available  inside  the  environment  for  all  other 
toolmodules. 

1 .2.  List  Visualizer 

Checking  data,  making  queries,  visualizing 
tables  is  the  job  of  a  List  Visualizer.  The  data  can 
be  viewed  and  edited  (depending  on  the  user  level 
and  the  specialties  of  the  data).  E.g.  browser  data 
is  always  read  only  type,  because  it  is  an  extract  of 
the  other  databases. 

1 .3.  Archive  Data 

Outdated  information  and  calculation  results  need 
to  be  removed  from  the  database  in  order  to 
increase  the  working  speed.  On  the  other  hand, 
especially  in  administrations  such  data  needs  to  be 
traceable  even  after  years.  For  that  purpose  an 
Archive  Data  module  is  helpful.  It  allows  to  clean 
up  databases  and  to  move  outdated  information 
towards  a  storage  media  like  a  tape,  CD  or  a 
background  hard  disc.  A  special  movement  list  is 
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created  and  controlled  by  the  Archive  Data  module 
which  allows  to  retrieve  such  data  it  is  needed 
later  on  again. 

1 .4.  Statistics 

Statistics  is  a  very  important  mean  to  show 
the  activity  of  an  organization  and  to  get  an 
overview  about  tendencies  of  the  customers  (e.g. 
license  applicants).  General  and  individual  statistic 
research  can  be  carried  out  using  a  Statistics 
module.  It  allows  to  check  daily,  weekly,  monthly, 
quarterly  or  yearly  activities  for  a  special  task  or  a 
compound  task  being  carried  out  from  a 
department.  Standard  deviation,  mean  value, 
variance  and  other  characteristic  figures  can  be 
produced  within  no  time.  Information  is  displayed 
as  piegraph,  bargraph,  table  or  can  be  exported 
into  an  Excel  format  for  instance. 

1.5.  Map  Handler 

Using  a  Map  Handler,  one  gets  additional  GIS 
functionality  into  the  system.  The  Map  Handler 
allows  to  load  maps  and  binary  data  matrices  and 
is  able  to  visualize  them  on  the  screen.  The  actual 
cursor  position  is  permanently  shown  on  the 
screen  and  operations  like  length  measurements 
can  be  carried  out  directly.  In  binary  data  profiles 
can  also  be  derived.  Maps  can  be  printed  in  scaled 
proportions. 

1.6.  Net  Visualizer 

To  visualize  a  net  configuration,  e.g.  of  a 
broadcast  provider  a  Net  Visualizer  is  an  important 
addition  to  the  Map  Handler.  It  enables  the  user  to 
display  all  stations  within  a  specific  area  or  a 
frequency  range.  Selections  of  an  area  can  be 
carried  out  graphically. 

1.8.  Vector  Handler 

To  present  vectorized  data  within  the  system, 
a  Vector  Handler  is  the  appropriate  tool.  It  allows 
to  overlay  such  data  over  the  Map  Handler 
worksheets  and  to  present  data  in  different  colors 
and  ways  like  numbers,  location  points,  piegraphs 
or  nets.  Vectors  can  be  edited  graphically  of  in  list 
form.  Also  new  vectors  can  be  generated  easily  by 
hand. 

1.8.  Project  Tracer 

A  very  important  matter  is  the  actual  stage  of 
a  project  like  a  licensing  or  a  coordination  request. 
A  project  racer  helps  to  overcome  this  problem.  It 
consists  of  a  project  database  which  incorporates 
the  stage  of  each  single  task  being  presently  under 


work  in  the  organizations.  All  changes  of  the 
project  status  are  recorded  and  the  person  or 
department,  actually  working  on  the  task  is  visible. 
The  system  also  allows  to  set  and  trace  deadlines. 
The  one  who  has  to  obey  the  deadline  is  warned 
and  also  a  supervising  instance  can  be  informed 
early  enough.  For  organizations  like  authorities  a 
Project  Tracer  is  a  guarantee  for  efficient,  smooth 
working. 

1.9.  Licence  Check 

To  cross-check  licensing  situations,  to  trace 
licence  deadlines  and  to  incorporate  or  retrieve 
additional  licence  data  like  e.g.  licence  related 
measurement  results  or  Photographs  of  a  site,  a 
Licence  Check  tool  is  needed. 

1.10.  Licence  Billing 

The  most  important  tool  in  terms  of  cash  flow 
is  a  Licence  Billing  tool.  For  every  administrative 
service  a  billing  procedure  can  be  individually 
created  which  includes  billing  dates,  licence  rates, 
penalty  fees  and  upgrades  for  quarterly  or  monthly 
payments.  The  payment  tracing  for  all  existing 
licences  gives  a  high  level  of  security. 

1.11.  Licence  Printing 

A  special  print  facility  takes  care  of  the 
different  types  of  licences  in  the  different  services. 
With  an  included  special  configurator,  a  TIFF 
picture  being  created  in  a  drawing  or  painting 
software  e.g.  also  in  the  map  handler,  can  be 
integrated  as  form  sheet  for  a  special  licence  type. 

1.12.  IF  Checker 

To  cross-check  between  existing  licences  and 
the  results  of  the  monitoring  measurement,  an  IF 
Checker  tool  is  extremely  helpful.  A  relation, 
between  measured  results  and  existing  licences 
inside  and  outside  the  country,  is  set  up.  The 
functionality  allows  to  carry  out  simple  propagation 
checks  and  interference  analysis  in  order  to  get  a 
rough  idea  about  the  real  interference  situation. 
The  results  can  be  compared  with  monitoring  data. 

1.13.  EMC  Checker 

In  order  to  trace  Electro  Magnetic 
Compatibility  (EMC)  problems,  an  EMC  Checker 
can  be  included.  If  a  problem  has  occurred,  the 
EMC  situation  of  a  location  can  easily  be  analyzed 
with  simple  models.  Such  a  list  of  possible 
problem  causing  candidates  can  be  created  to 
assist  the  people  of  measurement  department. 
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2.  STAND  ALONE  SOFTWARE 
PACKAGES 

2.1.  Planning  Tools 

Engineering  tools  for  planning  all  kinds  of 
services  are  a  helpful  extension  to  previous 
described  spectrum  management  system. 
Common  for  all  is  a  graphical  user  interface  and  a 
high  grade  of  linking  between  map  graphics  an  the 
database.  Stations  can  be  positioned  and 
visualized  in  the  maps  and  all  calculation  results 
can  be  overlaid  to  any  type  of  map  and  data.  All 
tools  are  stand  alone  solutions  which  can  be  used 
for  the  individual  work  without  adding  anything 
else  and  can  work  under  the  spectrum 
management  system  environment. 

2.2.  Coordination  Tools 

Especially  during  the  implementation  phase  of  a 
new  network  large  numbers  of  license  requests 
occur.  It  may  easily  amount  a  thousands  of 
requests  a  month  which  have  to  be  checked  in 
terms  of  data  integrity  and  coordinability.  This  is 
the  task  of  coordination  tools.  They  allow  to  carry 
out  the  coordination  check  procedure  which  is 
agreed  for  specific  services  in  specific  regions 
(e.g.  the  Vienna  Agreement).  All  coordination 
tracing  and  data  exchange  with  the  operators  is 
done  within  these  packages.  Actually  such  tools 
are  available  for  all  kinds  of  services. 


2.3.  Monitoring  Package 

The  link  to  the  Data  Access  System  of  the 

monitoring  Stations  and  Drive  Measurements.  The 

following  functions  are  typically  requested: 

•  comparison  of  technical  output  parameters 
(monitored  against  licensed) 

•  verification  of  spectrum  occupation  (monitored 
against  licensed;  monitored  actually  against 
monitored  previously) 

•  visualization  of  DF  results  and  search  for  most 
likely  licensed  emitter 

•  cross-check  of  measurements  and  licensed 
behavior  and  detection  of  discrepancy 

•  triggering  of  monitoring  process  in  those  cases 
where  discrepancies  have  been  detected 

•  compressing  of  data  by  statistical  means  like 
mean  value,  elimination  of  worst  X 
percentage,  integration  of  data  from  a 
definable  tile 

•  administration  of  results  via  monitoring 
database 

•  linking  of  data  to  specific  stations  (sites) 

•  searching  the  most  likely  station  for  a 
monitoring  result  and  allocating  it 

•  visualization  of  data  on  a  map 

•  visualization  of  data  in  a  spreadsheet 

•  visualization  of  data  as  diagrams  (bar,  pie) 

•  export  of  data  to  Excel,  ASCII  files  and  dTIFF 
(Pictures) 

•  creation  of  measurement  tasks  command 
strings 
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1 .  ACTUAL  STATUS  INTERNATIONAL  (IEC) 

Within  the  International  Electrotechnical  Com¬ 
mission  (IEC)  the  technical  committee  TC  65 
begun  early  in  the  eighties  with  the  publication  of 
the  801 -x  product  family  standard.  The  technical 
committee  65  is  responsible  for  the  area  industrial 
process  measuring  and  control  equipment. 
Therefore  the  documents  801 -x  series  are  product 
family  standards.  Also  in  the  eighties  the  IEC 
established  an  other  technical  committee  77.  The 
committee  TC77  is  responsible  for  the  electro¬ 
magnetic  compatibility  within  IEC.  In  addition  to 
own  basic  EMC  standards  the  TC  77  has  taken 
over,  at  the  beginning  of  the  nineties,  the  technical 
content  of  the  existing  801-x  documents  and 
published  them  as  basic  standards  with  the 
number  1000-4-x.  In  the  future  both  series  801-x 
as  product  family  standards  and  the  1000-4-x  as 
basic  standards  will  be  available  and  used.  The 
information  in  the  table  below  represents  the 
status  of  the  61000-4-x  series  in  January  98. 


Standards 

IEC 

Standards  EN 

Content,  title 

Revision  within  the  neat 

3  years? 

Status 

81000-4-1 

1802 

EN61 000-4-1 

Overview 

yes 

m 

61000-4-2 

1805 

EN81 000-4-2 

ESD 

no, 

amandm  ents 

■ 

61000-4-3 

1905 

ENV  50140 

BH  field 

no,  amendments 

TEM  cells,  reverberation 
chamber,  digital  radio 

IS 

81000-4-4 

1905 

81000-4-4 

EFT 

no. 

amendm  ents 

IS 

61000-4-5 

1005 

81000-4-5 

SURGE 

no 

IS 

81000-4-6 

1996 

61000-4-8 

Conducted  disturbances, 
induced  by  redo-frequency 
fields 

no 

IS 

61000-4-7 

1901 

Harmonics  measuring 

yes 

IS 

61000-4-8 

1903 

61000-4-8 

50160  Hz  Magnetic  field 

no 

IS 

61000-4-9 

1963 

81000-4-9 

SURGE  Magnetic  field 

no 

IS 

01000-4-10 

1903 

61000-4-10 

Osdlatory  Magnetic  field 

no 

IS 

61000-4-11 

1994 

61000-4-11 

Voltage  dips  and  interruption 

no, 

IS 

61000-4-12 

1995 

61000-4-12 

Oadlalory  waves 

no. 

amendment  >1MHz 

IS 

61000-4-13 

Harmonics.  Interbarm onics, 
Mam  Signalling 

77A/215/CD 

CD 

61000-4-14 

Voltage  fluctuations, 
unbalance,  variation  of  the 
Dower  freewenev 

77A/214/CDV 

CDV 

61000-4-15 

1907 

Flicker  measurement 

no. 

amendment  verification 

61000-4-16 

1968 

Conducted  disturbance  in  the 
range  of  DC  to  150  kHz 

no 

IS 

61000-4-17 

Ripple  on  DC  power  supply 

77A/2D7/CDV 

CDV 

61000-4-18 

free 

61000-4-19 

free 

81000-4-20 

TEM  oells 

Alternative  method  to  61000- 
4-3 

77B/1 53/CD 

CD 

61000-4-21 

Reverberation  chamber 

Alternative  method  to  61000- 
4-3 

77B/..../CD 

CD 

61000-4-22 

Guide  on  measurement 
methods  for  electromagnetic 
phenomena 

Status  0 

NWI 

81000-4-23 

T est  methods  far  protective 
devices  for  HEMP  radiated 
disturbance 

77C/38/CD 

CD 

61000-4-24 

1998 

Test  methods  tor  protective 
devices  for  HEMP  conducted 
disturbance 

no 

IS 

61000-4-25 

HEMP  requirements  and  test 
methods  for  equipment  and 
systems 

77C/56/CO 

CD 

61000-4-26 

Calibration  of  probes  and 
instruments  for  measuring 
electrom  aa  netie  fields 

77B/150/NP 

NWI 

61000-4-27 

Unbalance  in  3phase  mains 

77A/1 70/CD 

CD 

61000-4-28 

Variation  of  power  freauency 

7  7 A/23 5/C  DV 

CDV 

81000-4-29 

Vdtage  dips  and  interruption 
on  d.c. 

77A/206/CD 

CD 

61000-4-30 

Measurement  of  power 
quality  parameters 

77A183/NP 

61000*4-31 

Measurement  in  the 
frequency  range  2  kHz  to  9 
kHz 

77A/198/CD 

CD 

Legend: 

CD 

Committee  draft  of  comment 

CDV 

Committee  draft  for  vote 

DC 

Draft  for  comment 

DIS 

Draft  international  standard 

DV 

Draft  for  voting 

IS 

International  standard 

NCP 

National  Committee  proposal 

NP 

New  work  item  proposal 

RV 

Result  of  voting 

RVC 

Result  of  vote  on  CDV 

RVD 

Report  of  voting  on  DIS 

RVN 

Report  of  voting  on  NP 

WG 

Working  group  membership  list 
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2.  ACTUAL  STATUS  IN  EUROPE  (EN) 

The  European  Community  EC  has  issued  an  EMC 
directive  mandating  that  all  electronic  products 
must  have  a  certain  immunity  and  overpass  not  a 
certain  emission  limit.  These  requirements  are 
scheduled  to  become  effective  January  1.  1996.  In 
the  transition  period  whereas  no  IEC  or  EN  product 
standards  are  available  the  EC  normalisation 
organisation  CENELEC  (European  Committee  for 
Electrotechnical  Standardisation)  has  published 
the  so  called  , .Generic  standards".  The  different 
immunity  tests  and  emission  measurements  in  the 
generic  standards  are  based  on  the  IEC 
documents  1000-4-x.  In  December  1996  the  IEC 
and  the  ISO  have  allocated  themselves  blocks  of 
publication  numbers  from  60'000  to  79'000  for 
IEC.  Therefore  the  numbers  of  the  standards  are 
equal  between  the  IEC  and  CENELEC. 

IEC  CENELEC 

IEC  6 1000-4-X  EN  6 1000-4-x 

As  long  as  the  IEC  product  committees  has  not 
worked  out  EMC  product  standards,  or  in  the 
existing  product  standards  the  EMC  aspects  are 
not  covered,  all  the  electronic  equipment  must  be 
tested  in  accordance  with  the  generic  standards  to 
pass  the  EC  border  after  1st  January  96. 

Generic  Immunity  Standard 

•  EN  50082-1  Part  1:  Residential,  commercial 
and  light  industry 

•  EN  50082-2  Part  2:  Industrial  environment 

Generic  Emission  Standard 

•  EN  50081-1  Part  1:  Residential,  commercial 
and  light  industry 

•  EN  50081-2  Part  2:  Industrial  environment 


3.  RELATION  BETWEEN  BASIC,  GENERIC  AND 
PRODUCT  STANDARD 


Environment 


From  the  above  diagram  it  can  be  derived  that  the 
product  or  product  family  standard  has  the  highest 
priority  and  must  be  used,  when  they  are 


published.  To  understand  better  the  different 
among  the  three  standards  very  briefly  the 
contents  of  the  three  types  will  be  described. 


4.  BASIC  STANDARDS 

The  content  of  the  basic  standard  is: 

•  definition  and  description  of  the  phenomenon 

•  detailed  test  and  measurement  methods 

•  test  instrumentation 

•  basic  test  set  up 

•  range  of  test  levels 
not  included: 

•  prescribed  limits 

•  performance  criteria 

•  product  specific  test  arrangements 

•  test  sequences 

As  a  consequence  of  the  content  of  the  basic 
standards,  EMC  immunity  test  can  not  carry  out 
alone  with  the  basic  standard.  To  run  EMC  test 
additional  information  are  needed.  The  additional 
information  is  given  either  in  the  generic  or 
product  standards. 

Most  of  the  basic  standards  work  are  finished  in 
TC77.  Only  about  two  to  three  basic  immunities 
basic  documents  are  still  in  the  pipeline  of  TC77. 

Electrostatic  Discharge  ESD,  electrical  fast 
transient  EFT,  SURGE  and  DIPS  are  the  most 
important  transient's  interference  sources.  An 
overview  about  the  different  important  parameter 
as  defined  in  the  basic  immunity  standards  are 
given  in  the  table  followed: 


Characteristics 

Static  dacharge 

Switching 

operations 

U0Mng 

Power  trip  o 

-E*r 

-EFTBireT 

~Suga- 

"D  rs- 

Voltage  U 

up  to  15kV 

up  to  4  kV 

up  to  6kV 

supply  voRag 

Energies  at 
maximum 

below  10  mJ 

300  mJ 

300  J 

- 

Repetition  rate 

Single  impulse 

multiple  pulses  S 
kHz 

maximum  8 
Impulses  /Min 

related  to  the 
power  frequen 

Application 
Equipment  under 
Test 

Metal  parts,  which 
can  be  touched  by 

Power-,  Signtk 

Measunnp-  and 

Power-.  Slyiak 
Measuring- and 

power  supply  a 
dc 

Upper  frequency 
ton*  _ 

Approx.  1  GHz 

Approx.  100  MHz 

Approx.  350kHz 

Approx.  100  k 

Waveforms 

a 

SUROC 

Nr 

DTPS 

Mi 

_ IEC jm±2 _ 

_ lECJflQkfc4 _ 

_ [EC  1QQQ-4-5 _ 

IEC  1000-4- _ 

5.  GENERIC  STANDARDS 

The  generic  standards  are  only  important  for  the 
transition  time  up  to  the  publication  date  of  product 
standard. 
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Basically  two  environments  can  be  differ:  61000-4-3  or  part  20  or  21 


Residential,  commercial  and  light  industry 
Locations  that  are  characterised  by  being  supplied 
directly  at  low  voltage  from  public  mains  are 
considered  to  be  residential,  commercial  or  light 
industry. 

•  residential  properties,  e.  g.  houses,  apartments 

•  retail  outlets,  e.  g.  shops,  supermarkets 

•  business  premises,  e.  g.  offices,  banks 

•  areas  of  public  entertainment,  e.  g.  cinemas, 
public  bars,  dance  halls 

•  outdoor  locations,  e.  g.  petrol  stations,  car 
parks,  amusements  and  sports  centres 

•  light-industrial  locations  ,  e.  g.  workshops, 
laboratories,  service  centres. 

Industrial  environment 

Current  and  associated  magnetic  fields  are  high 

•  industrial,  scientific  and  medical  (ISM) 
apparatus 

•  heavy  inductive  or  capacitive  loads  are 
frequently  switched 

The  generic  standard  refers  to  the  basic  standards. 


Phenomena 

Basic  standard 

Tests 

Residential 
and  light 
industrial 

industrial 

special  e 
power  pta 

8 100D- 4-2 

ESD 

fl-*- _ 

a-* 

81000-4-3 

Radiated  slectrom agnstoc  Held  > 80MHz 

q  * 

q*- 

fl-* 

61000-4-4 

EFT/ Buret 

.  JUL  -  .... 

g.a 

_ q-» 

61000-4-5 

SURGE 

g.a. 

fl.a 

g.a 

61000-4-6 

Conducted  disturbances,  induced  by  rado- 
freouency  Helds  <80MHz 

q.a 

Q-a 

81000-4-7 

General  Guide  on  harmonics  and  inter- 
harmonics  measurements  and 
instrumentation 

ni.s. 

ni.s. 

nj.s. 

81000-4-8 

50/00  Hz  Maanetic  Held 

may _ 

mav 

a* 

61000-4-8 

SURGE  Maanetic  Held 

g.n.a. 

gn.a. 

q* _ 

61000-4-10 

OsdMory  Megnetic  Add 

fl-n.a.  ... 

an.  a. 

q-a 

61000-4-11 

Vottaae  dips  and  Interruption 

a* 

fl,a 

fl-a 

61000-4-12 

OscUrtory  waves  .  rina  wave* 

mav 

may 

may _ 

61000-4-12 

Oscrtdory  waves  1MHz 

g  n  a. 

may. 

_aa 

61000-4-13* 

Harmonics,  Inter-harmonics.  Main 

Signaling 

g.n.a. 

g.n.a. 

g.n.a 

61000-414* 

Voltage  fluctuation* 

g.n.a. 

g.n.a. 

gn.a. 

61000-415 

Pick  arm eter 

nj.s. 

nj.s. 

nj.s. 

61000-416 

Conducted  disturbance  in  the  range  of  DC 
to  150  kHz 

gn.a. 

may 

gn.a. 

61000-417 

Ripple  on  DC  power  supply 

g.n.a. 

may 

gn.a. 

61000-418 

free 

61000-410 

free 

61000420* 

TEM  cels 

2 

2 

2 

61000-421* 

Reverberation  chambers 

2 

2 

2 

01000422 

free 

61000423* 

Test  methods  for  protective  devices  for 
HEMP  radiated  disturbance 

gn.a. 

gn.a. 

gn  a. 

61000424 

Teat  methods  for  protective  devices  for 
HEMP  conducted  disturbance 

g.n.a. 

gn.a. 

gn.a. 

81000-425* 

HEMP  requirements  and  test  methods  for 
•omp  merit  and  systems 

g.n.a. 

gn.a. 

g.n.a. 

01000426* 

Calibration  of  probes  and  instruments  for 
measuring  electromagnetic  laid* 

n.i.s. 

nj.s. 

ni.s. 

01000427* 

Unbalance  in  3phaee  mains 

no 

maybe 

maybe 

61000428* 

Variation  of  power  fraauancy 

no 

maybe 

maybe 

01000-428* 

Voltage  dips  and  interruption  on  d.c. 

may 

may 

may 

61000-430* 

Measurement  of  power  duality  parameter* 

n.i.s. 

nj.s. 

ni.s. 

61000431* 

Measurements  In  the  frequency  range  2 
kHz  tc  9  kHz 

n.i.s. 

ni.s. 

ni.s. 

Legend: 

n.i.s.  Not  an  immunity  standard 
g.a.  Generally  applicable  except  in  special  cases 
may  May  be  applicable  in  certain  circumstances 
g.n.a.  Generally  not  applicable  except  in  special  cases 
*  The  document  is  in  progress  but  not  finally  published 

2  Special  alternative  test  method.  Application  range  see 


In  addition  to  the  basic  standard  the  following 
information  and  questions  are  included  the  generic 
document.  The  question  must  be  answered  to  run 
EMC  tests. 

Applicability  of  the  generic  standards 

•  The  applicability  of  the  test  depends  on  the 
particular  apparatus,  its  configuration,  its  ports, 
its  technology  and  its  operating  conditions. 

•  Test  shall  only  be  carried  out  where  the 
relevant  ports  exist 

•  It  may  be  determined  by  characteristics  and 
usage  that  some  of  the  test  are  inappropriate 
and  therefore  unnecessary.  The  decision  and 
justification  not  to  test  shall  be  recorded  in  the 
test  report. 


AC  i  DC 
Power  Ports 

Earth  Port 


Condition  during  testing 

•  Test  shall  be  made  in  the  most  susceptible 
operating  mode. 

•  The  configuration  of  the  test  sample  shall  be 
varied  to  achieve  maximum  susceptibility 

•  If  the  apparatus  is  part  of  a  system  with 
auxiliary  apparatus  then  it  shall  be  tested  with 
the  minimum  representative  configuration  of 
auxiliary  apparatus. 

•  When  external  protection  devices  are  clearly 
specified  in  the  user  manual,  then  the  test  may 
be  applied  with  the  external  protection  devises. 

•  The  configuration  and  mode  of  operation  shall 
be  precisely  noted  in  the  test  report.  The  most 
critical  mode  operations  shall  be  selected. 

•  If  the  apparatus  has  a  large  number  of  similar 
ports  a  sufficient  number  shall  be  selected  to 
simulate  actual  operating  conditions. 

•  Test  condition  shall  be  within  the  operating 
ranges  of  temperature,  humidity,  pressure  etc. 

Immunity  test  requirements 

•  Test  shall  be  conducted  in  a  well  defined  and 
reproducible  manner. 


Signal.  Data 
I/O  Lines  Ports 


Enclosure 

Ports 
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•  The  test  shall  be  carried  out  as  single  tests  in 
sequence. 

•  The  sequence  of  testing  is  optional. 

•  Test  generator,  test  method,  test  set  up  is 
given  in  the  basic  standards. 

•  Modification  and  additional  information  needed 
for  the  practical  applications  of  the  tests  are 
given  in  the  product  standard. 

General  test  requirements 

•  Reliability  of  the  test  results: 

•  number  of  shots 

•  test  time 

•  polarity 

•  phase  angle 

•  synchronisation  with  EUT  operating 
sequence 

•  etc. 

•  Statistical  aspects 

•  The  personnel  safety  must  be  guaranteed 
during  the  immunity  test. 

Performance  criteria 

•  The  variety  of  the  apparatus  makes  it  difficult 
to  define  precise  criteria. 

•  As  a  result  of  the  application  of  the  test  the 
apparatus  becomes  dangerous  or  unsafe  as  a 
consequence  the  test  failed. 

•  Definition  of  performance  shall  be  specified  in 
a  test  plan  and  noted  in  the  test  report. 

Three  general  performances  can  be  used  as  a 
guide: 

A)  No  loss  of  function  is  allowed  below  and 
equal  the  test  levels 

B)  No  loss  of  function  is  allowed  after  test. 
During  the  test,  degradation  of  performance 
is  allowed 

C) Temporary  loss  of  function  is  allowed. 


Phenomena 

Baac 

standards 

Tests 

AC- 

power 

DC 

power 

Enclosure 

Signal 

Data 

Earth 

1 000-4-2 

ESD 

.i 

gn.a. 

fl.a 

g  .n  a. 

1000-4-3 

Radiated  electromagnetic  laid 
>8GMHz 

g.n.a. 

gn.a. 

fl.a 

gn.a. 

gn  a. 

1000-4-4 

EFT/8urst 

fl.a. 

. 

1000-4-5 

SURGE 

fl.a. 

may 

gn.a. 

may 

may 

1000-4-6 

Conducted  disturbances, 
induced  by  radio-frequency 
flekts  <&CMHz 

g.a 

g.a. 

no 

fl.a 

g.a 

1000-4-7 

General  Guide  on  harmonics 
and  inter-harmonics 
measurements  and 
instrumentation 

ni.s 

ni.s 

n.i.s 

n.i.s 

ni.s 

1000-4-fl 

5QfX  Hz  Maonetic  laid 

. 

may 

1000-4-9 

SURGE  Maonetic  field 

. 

may 

1000-4-10 

Osdlatory  Magnetic  letd 

. 

may 

. 

1000-4-11 

Voltage  dips  and  interruption 

_  fla. 

. 

. 

. 

. 

1000-4-12 

Oscillatory  wavee  .  ring  wave* 

may 

g.n.a. 

may 

g.n.a. 

1000-4-12 

Oscillatory  waves  1MHz 

may 

may 

. 

may 

may 

1000-4-13* 

Harmonics,  Inter-harmonics. 

Main  Signaling 

gn.a. 

- 

gn.a. 

- 

1000-4-14* 

Voltage  fluctuations 

o.n.a. 

. 

. 

1000-4-15 

Fiickenneter 

n.i.s. 

ni.s. 

ni.s 

ni.s. 

ni.s. 

1000-4-16 

Conducted  disturbance  in  the 
ranqg  c4  DC  to  150  KHi 

g.n.a. 

gn.a. 

- 

gn.a. 

- 

1000-4-17* 

Ripple  on  DC  power  supply 

may 

1000-4-18 

free 

1000-4-19 

free 

1 0OP- 20* 

TEMcolt 

2 

2 

2 

2 

2 

1000-4-21* 

Reverberation  chamber 

2 

2 

2 

2 

2 

100<H-22 _ 

frw 

1000-4-23* 

Test  methods  for  protective 
devices  for  HEMP  radiated 
disturbance 

gn.a. 

g.n.a. 

gn.a. 

g.n  a. 

gn.a. 

1X0-4-24 

Test  methods  for  protective 
devices  for  HEMP  conducted 

_ 

g.n.a. 

gn.a. 

gn.a. 

gn  a. 

gn.a. 

1X0-4-25* 

HEMP  requirements  and  test 
methods  for  equipment  and 
systems 

g.n.a. 

g.n.a. 

gn.a. 

gn.a. 

gn  a. 

1X0-4-26* 

Calibration  of  probes  and 
instruments  for  measuring 
etectromaanetjc  fields 

n.i.s. 

ni.s. 

ni.s. 

n.i.s. 

ni.s 

1000-4-27* 

Unbalance  in  3phase  mains 

may 

. 

10004-28 

Variation  of  power  frequency 

. 

1X0-4-29* 

Voltage  dips  and  variation  on 
d.c. 

may 

1000-4-30* 

Measurements  in  the  frequency 
ranae  2  kHz  to  9  KHz 

ni.s. 

ni.s. 

ni.s. 

ni.s. 

ni.s. 

1000-4-31* 

Meaturemerrts  in  the  frequency 

ni.s. 

ni.s. 

n.i.s 

ni.s. 

ni.s. 

Legend: 

n.i.s.  Not  an  immunity  standard 

g.a.  Generally  applicable  except  in  special  cases 

may  May  be  applicable  in  certain  circumstances 

g.n.a.  Generally  not  applicable  except  in  special  cases 
*  The  document  is  in  progress  but  not  finally  published 

3  Application  not  possible 


6.  PRODUCT  STANDARDS 

All  the  questions  in  the  generic  standard  should  be 
answered  in  the  product  standard. 


Within  IEC  more  than  200  working  group  are 
discussing  EMC  aspects  for  their  products. 


7.  CE  MARK 

The  electronic  equipment  must  be  labelled  with 
the  CE  mark  for  free  circulation  within  the  EC  from 
1st  January  96  on. 

To  stick  the  CE  mark  onto  an  equipment,  different 
immunity  test  and  emission  measurements  must 
be  made  in  accordance  with  the  generic  or  product 
standards.  Today  the  standards  are  in  a  transition 
period  from  generic  to  product  standard.  For 
manufacturers  of  electronic  equipment  it  is  very 
difficult  to  get  the  actual  information  about  the 
status  of  the  product-standard  related  to  theirs 
product.  Report  R1 10-001: 1993.  The  flowchart 
below  is  a  copied  from  the  CENELEC  report  R1 10- 
001:1993  and  can  be  of  help  for  taking  decision. 


Ill 


Dots  a  product  EMC  standard  exists? 

__  HO 

Does  the  product  EMC  standard  cover  all 
the  retevant  EMC  phenomena 

1s  the  generic  EMC  standard  suitab 

vJ 

Nof 

H 

H 

The  product  EMC 
standard  shal  be 
used 

Examine  if  simulta¬ 
neous  use  of  exist¬ 
ing  EMC  product 
and  genenc  stan¬ 
dards  covers  aU 
retevant  phenomena 
(recommended  only 
for  temporary  use) 

If  not  prepare  a  new 
EMC  product 
_ standard 

The  genenc  EMC 
standard  can  be 
used  No  necessity 
to  make  product 
EMC  standard 

Prepare  *  n 

product  EM 
standard. 

The  manufacturers  of  electronic  equipment  will 
consequently  be  compelled  to  conduct  immunity 
tests.  This  will  lead  to  an  increased  test  volume. 
Large  companies  will  automate  their  existing  test 
equipment  and  will  have  to  integrate  their  EMC 
tests  into  their  quality  assurance  systems.  Small 
and  medium  companies  will  most  likely  have  to 
rely  for  their  test  needs  on  test  houses  and  official 
test  authorities. 

One  solution  for  the  performance  of  fast, 
economic  and  well-documented  EMC  tests  may  be 
the  use  of  automated  test  systems.  EMC 
PARTNER  AG  has  developed  the  TRANSIENT 
1000  system,  which  allows  the  quick  automation  of 
the  four  most  important  transient  immunity  tests. 

For  a  great  number  of  electronic  equipment  all 
four  immunity  tests  are  required.  If  you  need  any 
further  information  about  pulsed  immunity  test 
contact  the  authors. 


M.  Lutz 

The  determination  of  the  Immunity  to  high  energy 
transients  (js-lmpulse  (SURGE)  with  the  CWG 
Combination  Wave  Generator. 

Syllabus  for  Technischen  Akademie  in  Esslingen  / 
Germany 

M.  Lutz 

Determination  of  the  immunity  to  electrostatic 
discharges  ESD 

Standards: 

•  IEC  TC65  drafts  and  standards  801-x 

•  IEC  TC77B  drafts  and  standards  1000-4-x 

•  CENELEC  TC  110  EN  drafts  and  standards 
61000-4-x;  EN  50082-x 


ABOUT  THE  AUTHOR: 

Martin  Lutz  has  over  20  years'  experiences  in  the 
EMC  domain  and  has  served  on  various  technical 
committees  within  the  IEC  and  the  Swiss  national 
standardisation. 

Martin  Lutz  is  author  of  different  technical  EMC 
articles  partly  presented  at  IEEE  EMC 
symposiums  and  co-author  of  EMC  books.  He 
holds  a  grad.  Electrical  Eng.  of  the  Engineer 
University  of  Biel  Switzerland. 

Today  Martin  Lutz  is  president  of  EMC  PARTNER 
AG  Switzerland,  one  of  the  leading  EMC 
equipment  manufacturer  in  the  world. 
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Probleme  in  unserer  Technischen  Gesellschaft. 
Paper  delivered  at  EMC-Symposium  UNI 
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A.  Rodewald  /  M.  Lutz 

Interference  generated  by  switching  operation  and 
simulation. 

Paper  delivered  at  EMC  Symposium  Tokyo  1984 
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transients  ns-impulses  (Burst)  with  the  EFT 
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New  Era  of  Communications 
Technologies  -  EMC  Aspects 


Workshop  Organizer: 


H.  Kimball  -  USA 


Speakers: 

A.  Rinker,  O  r  b  c  o  m  m  -  USA 
P.  Towler,  Iridium  -  USA 
T.  Hayden,  T  e  I  e  d  e  s  i  c  -  USA 
Ch.  Patuskey,  S  k  y  S  t  a  t  i  o  n  -  USA 


Information  available  during  the  Workshop 
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EMC  from  Hewlett  Packard 


Workshop  Organizer: 

Hewlett  Packard 
Speaker:  B.  D  o  u  g  a  I 


Information  available  during  the  Workshop 
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WORKSHOPS 

Penetration  of  EM  Field  Through 
Shielding  Materials  and  Components 


Workshop  Organizer: 

SPIRA  Manufacturing  Corp.  -  USA 
Speaker:  G.  M.  K  u  n  k  e  I 


Information  available  during  the  Workshop 


LIST  OF  EXHIBITORS 


ABC  ELEKTRONIK  Sp.  z  o.o. 

Kolejowa  10,  PL-38-300  Gorlice,  Poland 
Phone:  +48  18  3536  665,  Fax:  +48  18  3536  833 


ASTAT  Sp.  z  o.o. 

D^browskiego  461 ,  PL-60-451  Poznan,  Poland 
Phone:  +48  61  84  88  871,  Fax:  +48  61  84  88  276 


DASAP  POLSKA  Sp.  z  o.o. 

Obozowa  20,  PL-01 -161  Warsaw,  Poland 
Phone:  +48  22  632  8146,  Fax:  +48  22  632  3716,  E-mail:  waw@dasap.pol.pl 


ECOMP  GmbH 

Kloster-Langen-Strasse  22,  D-26723  Emden-Wybelsum,  Germany 
Phone:  +49  4921  9687-0,  Fax:  +49  4921  6032 


ELSINCO-POLSKA  Sp.  z  o.o. 

Dziennikarska  6,  PL-01 -605  Warsaw,  Poland 
Phone:  +48  22  396  979,  Fax:  +48  22  394  442,  E-mail:  elsincow@bevy.hsn.com. 


EMERSON  &  CUMING  MICROWAVE  PRODUCTS  N.V. 

Nijverheidsstraat  7A,  B-2260  Westerlo,  Belgium 
Phone:  +32  14  562  500,  Fax:  +32  14  562  501,  E-mail:  ecmwprod@innet.be 


HEWLETT-PACKARD  POLSKA  Sp.  z  0.0. 

Jerozolimskie  181,  PL-02-222  Warsaw,  Poland 
Phone:  +48  22  608  7839,  +48  22  608  7700  Fax:  +48  22  608  7564 


INSTITUTE  OF  TELECOMMUNICATIONS 

WROCLAW  BRANCH 

Swojczycka  38,  PL-51  -501  Wroclaw,  Poland 
Phone:  +48  71  483  0501,  Fax:  +48  71  729  375,  E-mail:  hlug@il.wroc.pl 


PHOENIX  CONTACT  Sp.  z  o.o. 

Szewska  3,  PL-50-053  Wroclaw,  Poland 
Phone:  +48  71  343  9755,  Fax:  +48  71  343  9661, 
E-mail:  phoenixcontact@phoenixcontact.pl 


ROHDE  UND  SCHWARZ  OESTERREICH 

Sonnleithnergasse  20,  A-1 100  Vienna,  Austria 
WARSAW  OFFICE 
Stawki  2,  00-193  Warsaw,  Poland 
Phone:  +48  22  860  6490  to  6498,  Fax:  +48  22  860  6499 


RST  Sp.  c. 

Grunwaldzka  11/15,  PL-15-893  Bialystok,  Poland 
Phone:  +48  85  455  400,  Fax:  +48  85  455  433 


SCHROFF  GmbH 

Feldrennach,  Langenalberstr.  96-100 
D-75334  Straubenhardt,  Germany 
Phone:  +49  70  82794-0,  Fax:  +49  70  82794-2  00 


TECHTRONIC 

Grabiszynska  85,  53-503  Wroclaw,  Poland 
Phone:  +48  71  342  5856,  Fax:  +48  71  342  5021 


UNIVERSAL  ELEKTRONIK  IMPORT  GmbH 

WARSAW  OFFICE 

Lektykarska  25/4,  PL-01  -687  Warsaw,  Poland 
Phone:  +48  22  8330  716,  Fax:  +48  22  8331  059,  E-mail:  uei_war@uei.com.pl 


UNITRONEX  POLAND  Sp.  z  0.0. 

Grzybowska  87,  PL-00-844  Warsaw,  Poland 
Phone:  +48  22  631  2643,  Fax:  +48  22  632  7559 
E-mail:  kazikg@unitronex.com 
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PLUS  GSM  -  TELECOMMUNICATION  REVOLUTION 


There  are  few  inventions  in  the  world  which  found  their 
application  in  Poland  so  quickly.  After  merely  five  years  from 
the  launch  of  the  first  GSM  network  in  Europe,  results  of  the 
tender  for  construction  of  such  network  were  announced  in 
Poland.  Polkomtel  S.A.,  operator  of  Plus  GSM  network,  came 
first  receiving  license  number  1 . 

GENERALLY  AVAILABLE  AND  OF  HIGH  QUALITY 

Coverage 

Today,  that  is  only  two  years  after  receiving  the 
license,  Plus  GSM  has  almost  400  thousand  subscribers.  The 
network  operates  on  70%  of  the  territory  of  Poland  and  80%  of 
the  Polish  population  may  use  its  services.  Several  hundred 
cities  and  thousands  of  kilometers  of  roads  connecting  those 
cities  are  covered.  By  the  end  of  1998  we  plan  to  extend  our 
coverage  to  85%  of  the  territory  of  Poland  and  90%  of  its 
population.  We  assume  that  by  the  turn  of  the  century  more 
than  a  million  subscribers  will  be  using  Plus  GSM  network. 

Roaming 

International  roaming,  the  service  determining  the 
global  nature  of  the  GSM  system,  is  expanding  at  a  really 
record  speed.  Within  8  months  from  commercial  launch  Plus 
GSM  network  offered  roaming  with  50  foreign  operators,  and 
within  less  than  eighteen  months  with  as  many  as  50 
countries.  These  achievements  are  two  world  records.  In  April 
1998  the  Plus  GSM  network  offered  it  subscribers  the 
possibility  of  using  their  own  handsets  and  SIM  cards  in  61 
countries  in  Europe,  Asia,  Africa,  Australia  and  Oceania  and 
USA.  This  is  the  broadest  roaming  offer  on  the  Polish 
telecommunication  market. 

Services 

Since  the  beginning  of  its  operations  the  Plus  GSM 
network  has  offered  its  subscribers  a  wide  range  of  value 
added  services  and  expanded  it  systematically.  Subscribers 
may  use  voice  mail,  conference  calls,  SMS,  data  and  fax, 
calling  line  identification  presentation,  call  hold,  barring  calls, 
etc.  New  services  will  be  launched  soon  offering  information 
services  (the  first  service  of  this  type  was  provided  last  year 
during  Tour  de  Pologne),  closed  user  groups,  etc.  The  scope 
of  grows  systematically  and  in  near  future  will  involve  internet, 
multimedia,  various  forms  of  cooperation  between 
telecommunication  systems  and  computer  networks.  Plus 
GSM  network  provides  its  subscribers  with  an  effective 
information  tool  whose  widespread  in  Poland  entails  serious 
civilization,  economic  and  cultural  consequences.  A  measure 
of  Plus  GSM  success  is  customer  satisfaction  resulting  from 
the  fact  tat  they  receive  services  they  need  and  where  they 
need  them.  A  sign  of  our  care  about  the  subscriber  is  also  the 
Customer  Operations  Department  available  24  hours  a  day, 
365  days  a  year.  Consultants  who  work  there  are  able  to  help 
subscribers  and  solve  their  problems  related  to  using  Plus 
GSM  network.  Also  „Plus  GSM  Magazine",  a  publication 
designed  to  improve  information  exchange  between 
subscribers  and  the  operator,  provides  some  useful  guidance. 
It  contains  descriptions  of  new  services  and  equipment, 
practical  advice,  updated  information  on  coverage  and 
roaming,  etc.  Every  subscriber  receives  a  copy  „Plus  GSM 
Magazine”  free  of  charge  together  with  the  bill. 

Prices  and  pricing  plans 

Plus  GSM  offers  several  pricing  plans  with  varying 
levels  of  monthly  access  fee  and  call  prices.  Market  research 
revealed  that  within  the  target  group  of  potential  customers 
three  subgroups  could  be  distinguished  depending  on  the 


intended  usage  of  the  telephone.  As  a  logical  consequence  of 
such  findings  of  the  survey  three  pricing  plans  were 
introduced:  Contact,  Business  and  Prestige.  Their  names 
clearly  identify  the  plan  with  the  target  subgroup.  The  structure 
of  prices  and  pricing  plans  adopted  by  Plus  GSM  is 
undoubtedly  most  transparent  for  potential  customers  who  are 
comparing  competitive  offers.  Simplicity  of  estimating  costs 
before  the  actual  purchase  of  a  SIM  card  and  a  telephone, 
combined  with  competitiveness  of  the  offer  itself  was 
appreciated  by  the  market  and  facilitated  decision-taking  to 
hundreds  of  subscribers.  Each  pricing  plan  offers  lower 
charges  for  calls  between  mobile  telephones  owned  by  the 
same  person  (or  firm)  and  for  calls  to  voice  mail. 

Sales 

Services  of  Plus  GSM  network  are  offered  through  9 
company  shops  located  in  major  Polish  cities  and  though  more 
than  450  points  run  by  comprehensively  trained  Authorized 
Representatives.  They  offer  our  subscribers  assistance  and 
professional  advice.  Long  term  network  roll-out  strategy 
adopted  by  Plus  GSM  proved  to  be  effective.  It  is  also  to  a 
significant  extent  thanks  to  our  reliable  business  partners,  who 
create  the  right  conditions  for  display  of  services,  that  the 
growth  of  the  subscriber  base  is  so  dynamic  and  that  our 
subscriber  number  increased  sixfold  in  1997. 

State-of-the-art  technology 

Capital,  however  necessary  for  such  an  immense 
investment  as  GSM  network  construction,  is  only  one  of  the 
elements  determining  the  present  and  the  future  of  Plus  GSM. 
People  who  create  this  network  and  service  it  are  equally 
important.  They  cooperate  with  vendors  providing  most 
modern  world  technologies  and  computer  hardware.  They 
develop  extremely  complex  software  adjusted  to  the 
continually  expanding  range  of  services  available  through  the 
GSM  system.  Many  of  these  developments  are  still  at  the 
stage  of  preparations  and  testing  as  we  are  still  at  the 
beginning  of  the  information  civilization  age.  By  installing  the 
most  modern  infrastructure  and  by  investing  in  people.  Plus 
GSM  wants  to  be  an  operator  who  will  be  able  to  immediately 
implement  latest  telecommunication  solutions,  i.e.  it  takes  care 
of  every  aspect  of  what  is  included  in  the  definition  of  an 
operator  providing  widest  range  of  top  quality  services. 
Cooperation  of  Plus  GSM  network  with  world  leading 
manufacturers  and  vendors  of  equipment  and  software  serves 
this  purpose.  Among  our  partners  there  are  Nokia 
Communications,  which  is  the  main  vendor  of  technical 
infrastructure,  Lucent  Technologies,  Digital,  Hewlett  Packard, 
IBM,  AMS  and  others.  Thanks  to  cooperation  with  those 
partners  the  network  was  provided  with  state-of  the  art 
equipment  for  network  maintenance  center,  software  for 
customer  operations  department,  and  our  voice  mail  and  billing 
systems  are  among  the  most  efficient  in  Europe.  This, 
combined  with  the  open  nature  of  the  GSM  standard, 
guarantees  smooth  functioning  for  many  years  and  will  enable 
us  to  connect  further  hundreds  of  subscribers. 


Plus  GSM  strive  for  perfection  in  its  operations  on  the 
Polish  GSM  market  was  recognized  by  the  Polish  business 
community.  Recently,  in  the  presence  of  President  of  Poland 
and  NATO’s  Secretary  General  Javier  Solana,  Polish  Business 
Club  awarded  Polkomtel  S.A.  the  title  of  the  company  of  the 
year  1997.  The  justification  stated  that  this  is  a  dynamic 
company,  professionally  managed  and  contributing  immense 
benefits  to  the  Polish  economy. 


Your  network 

choice^ 


Era  GSM,  the  leading  network  operator,  is  pleased  to  welcome  foreign  visitors  coming  to  Poland  to  freely  use  their 
GSM  telephones  and  enjoy  the  quality  of  Era  GSM  network.  You  will  be  pleased  with  the  service  you  receive  from  us. 
Just  click  your  mobile  to  Era  GSM  by  selecting  PL  02  or  260  02. 

Our  current  Era  GSM  users  can  also  take  their  telephones  abroad  and  have  the  ability  to  speak  freely  in  Andorra, 
Australia,  Austria,  Azerbaijan,  Bahrain,  Belgium,  Bosnia-Herzegovina,  Bulgaria,  Croatia,  Cyprus,  Czech  Republic,  Denmark, 
Estonia,  Finland,  France,  Georgia,  Germany,  Gibraltar,  Greece,  Guernsey,  Flong  Kong,  Flungary,  Iceland,  Indonesia,  Ireland, 
Italy,  Kuwait,  Latvia,  Lebanon,  Lithuania,  Luxembourg,  Macau,  Macedonia,  Malaysia,  Monaco,  Netherlands, 
New  Zealand,  Norway,  Portugal,  Romania,  Russia  (Moscow,  St  Petersburg),  Serbia,  Singapore,  Slovakia,  Slovenia,  South  Africa, 
Spain,  Sri  Lanka,  Sweden,  Switzerland,  United  Kingdom,  Ukraine,  USA  (New  York,  New  Jersey),  Taiwan,  Thailand,  Turkey 
and  Yugoslavia  just  to  name  a  few...  For  you  convenience,  your  billing  will  also  be  in  PLN  via  Era  GSM. 
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Era  GSM  is  the  first  operating  Polish  GSM  network. 

Cali  customer  hotline  anytime  on  □  BOO  22  900  or  from  Era  GSM  phone:  602  900. 

Internet:  http://www.eragsm.com.pl 


Head  Office 
Germany 

Potsdamer  Str.  1 8A 
D-14513  Teltow 
(near  Berlin) 

Tel:  +49  3328  430  141 
Fax:  +49  3328  430  142 

|  Approval  &  Testing 

EMC 

Telecom  /  Radio 
Product  Safety 

j  Low  Voltage  Directive  (LVD) 

{  Automotive  Testing  (e  Mark) 


EURO  EMC  SERVICE* 


Dr.  Hansen  GmbH 


Branch  Offices 
Europe 

North  America 


Australia 

Mail  Order  Service 

Cost  effective,  fully  automated, 
speedy  testing  of  your 
smaller  products. 

Send  your  products  to  EES  by 
express  delivery  and  we  will 
start  testing  immediately. 
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;//www. e u ro-e mc-service . 

CERTIFICATION  [ees[t  «sri\(. 


_ — ^  e-mail  — 
euro.emc.service@t-online.de 
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Certification 


Electronic  &  Electrical 
Products 
Large 

Installations  &  Systems 

Competent  Body  assesses  a 
TCF  under  art.  10.2  of 
89/336/EEC  if: 

•  No  harmonised  standards 

•  Standards  in  part  only 

•  Standard  not  practical 

•  Product  variants  exist 

•  Foreign  certificates  exist 


Relative 

Costs 


COST  EXPLOSION 


Testing 


EMC  Directive 
89/336/EEC 
Mandatory 
1  January  1996 

•  Our  test  laboratories  are 
accredited  for  all  sectors  in 
accordance  with  EN45001 

•  We  operate  a  3  shift,  24  hour 
testing  service 

•  We  can  audit  your  test  results 
on-site:  save  transport  costs! 

•  OATS:  10,  30, 100  &  300m 


